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CHARNOCKITES OF THE TYPE AREA 
NEAR MADRAS—A REINTERPRETATION 
A. P. SUBRAMANIAM 
Mineralogy and Petrography Laboratory, Geological Survey of India, 
Calcutta, India 


ABSTRACT. Mutual relationship of the rock units in the type charnockite area near 
Madras city is described and the terms ‘Charnockite’ and ‘Charnockite Series’ redefined. 
The ‘Acid’ division of the charnockite series of Holland, composed of alaskites, birkremites, 
enderbites and hypersthene quartz syenites, is considered to be an igneous suite which has 
undergone metamorphic reconstitution and recrystallization with concomitant changes in 
mineralogy, such as, unmixing of perthites and formation of garnet. The rocks of the 
‘Basic’ division of Holland are essentially pyroxene granulites and variants which have no 
genetic relationship to the charnockites sensu stricto. Sporadic exposures of norite with 
pyroxenite layers and lenses are considered syntectonic lenses, unrelated to the charnockite 
suite. The rocks of the ‘Intermediate’ division of Holland grade from homogeneous hy- 
persthene diorites to charnockite-pyroxene granulite migmatites, and are hybrids resulting 
from partial assimilation and incorporation of pyroxene granulite by the charnockitic 
magma. Garnetiferous sillimanite gneisses (khondalites) are also developed in force in the 
area; Holland’s leptynites are inferred to be a thoroughly reconstituted and recrystallized 
facies of khondalite. The above association of charnockites, hybrid rocks, pyroxene granu- 
lites and recrystallized khondalites is also found in the larger massifs of Southern India 
such as those of Nilgiri, Shevroy, and Palni, Mineralogical, petrographic and chemical 
data are presented to substantiate the reinterpretation. 


INTRODUCTION 


Since the publication of Sir Thomas Holland’s (1900) classic memoir 
nearly sixty years ago on the charnockite series of Peninsular India, similar 
rocks have been discovered and studied in many other parts of the world, Some 
of these studies have advanced our knowledge of their petrology and petro- 
genesis and excellent reviews of the literature on charnockitic rocks have been 
presented by Quensel (1951), Pichamuthu (1953), and Wilson (1955). 
Though charnockitic rocks have been described in India from Mysore by Rama 
Rao (1945) and Jeypore and Bastar, by Crookshank (1938) and Ghosh 
(1941), the type charnockite area in the neighbourhood of Madras city has not 
received any serious attention. The need for a detailed petrological account of 
the area, with particular reference to the mode of occurrence of charnockites 
and their mutual relationship to the basement rocks cannot be over-emphasized. 
Various theories on the origin of charnockites have been adduced without a 
thorough knowledge of the type area from where these rocks were first recorded 
and studied. The writer therefore commenced early in 1953 field and laboratory 
studies of the type area charnockites and related rocks, at the suggestion of 
Dr. M.S. Krishnan, Director, Geological Survey of India. Preliminary results 
of the study have been presented in periodical progress reports of the Geologi- 
cal Survey of India, by the writer, which have so far not been published. A 
brief summary of the author’s views on these rocks has however appeared in 
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Fig. 1. Map of India showing some localities from which charnockitie rocks are 
reported, 


the recent edition of Geology of India and Burma, by Krishnan (1956, p. 108- 
109). Since the initiation of this study a few papers on charnockites have ap- 
peared, the most outstanding being that of Howie (1955) who has made a 
major contribution to the geochemistry of Madras charnockites, Naidu (1954) 
has given petrographic description of rocks from Southern India having char- 
nockitie affinities, while Wilson (1957), has dealt with structural features of 
charnockitie rocks, Eskola (1957) has offered a stimulating discussion on the 
Mineral Facies of charnockites. The most recent contribution is by Howie and 
the present writer (1957) on the paragenesis of garnet in charnockite, ender- 
bite and related granulites. The present paper is a preliminary account of the 
field and laboratory observations made by the writer and some of the resultant 
ideas. A comprehensive report embodying new data on the petrology, mineral- 
ogy and geochemistry of charnockites and related rocks together with their 
field relations is under preparation. 
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GEOLOGICAL SETTING 
An area of over 90 square miles between St. Thomas Mount, 9 miles south 
of Madras city, and Vandalur 20 miles south of Madras city, was examined in 
great detail and comprehensive rock collections made for petrographic and 
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Plan of hill near Pallavaram, showing the zones of leptynite between 
the norite and unaltered charnockite. 

Fig. 2. Holland’s sketch showing garnetiferous leptynite-norite-charnockite associa- 
tion at Pallavaram. : 

According to the writer's interpretation, the sketch represents in plan an interstratified 
unit of khondalite and pyroxene granulite intruded by charnockite, resulting in the re- 
crystallization of khondalite to leptynite along the contacts with charnockite. 
chemical studies. The accompanying map (fig. 3) shows the distribution of 
rock types in the type area, and the structural elements displayed by them. It 
must be emphasized here that a map with geological boundaries will be largely 
inferential, as critical areas are under soil cover, and the intermingling of rock 
types much too complex. 
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3. Sketch map of the type charnockite area near Madras city (portions of Topo 
sheets 66 C/,, D/; and D/s) showing structural elements and distribution of rock types. 
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The charnockite suite and associated rocks stand out as a series of small 
ridges and hillocks in plain country, and roughly trend NE-SW to NNE-SSW 


paralleling the coast line. Prominent among these hillocks are: 


Hills 500 and .563 — East of Vandalur. 

Hill 349 — Near Nedungunram. 

Hills 367 and .226 — East of Unamancheri. 

Hill .263 — South of Nukanpalaiyam. 

Hillocks .150 and .86 — West of Ottiyambakkam. 

Hill .233 — In the Nanmangalam R. F. area. 

Hill 4A0 — Comprising Tambaram R, F. 

Hill 321 — Comprising Mullumalai and Pulikkaradu. 
north of Tambaram R, F. 

Hill 360 — Pachchai Malai. 

Hill 198 — At Tirunirmalai. 

Hillock = .137 — At Kunnattur. 

Hill .265 — NE of Tirunirmalai (Pammal hill of 
Holland). 

Hill 499 — Mosque hill of Pallavaram. 

Hill 401 — Tirusulam hill, Pallavaram. 

Hill 195 — Panchapandava hill, Pallavaram. 

Hill 170 — WNW of Kilkattalai. 

Hill .250 — St. Thomas Mount and adjacent Magazine 


hill. 


Besides the above, there are several small knolls and rock outcrops in the 
plains between above hillocks, Most of these hillocks are almost devoid of any 
vegetation, being largely composed of weathered boulders of rocks with a very 
thin soil cover on which thorny shrubs thrive. Hills .500 and .563 near Van- 
dalur, however, are well vegetated in contrast to the others. There are extensive 
stone quarries on hills .499, .401 and adjacent hillocks exposing excellent sec- 
tions. The sequence of rocks in the area as interpreted by the writer, together 
with Holland’s original classification, is tabulated below: 


DY  Dolerite dykes 


A Alaskites and reconstituted facies 


LEGEND 


CH = Hypersthene granites. Hypersthene quartz syenites Charnockite Surte 


Enderbites and reconstituted facies 
N Norite 
Px Pyroxenite 
HY Hypersthene Diorites and variants 


G Pyroxene granulites and variants 


Regional lineation 


Syntectonic lenses of basic rock 


Vertical foliation 
} Hybrid rocks 


4 Folhation with steep dip 


K Garnetiferous sillimanite gneisses ( Khondalite ) 


and recrystallized facies 
Magnetite quartzites 


CAL Calc silicate rock lenses 


Basement rocks Horizontal lineation 


Vertical jomts 
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Charnockite 
suite 


Syntectonic 
lenses of 
basic roc k 


Hybrid Rocks 


Basement 


Rocks 


Basement 
Rocks 


Dolerite dykes 


Alaskites, charnockites (hypersthene gran- 
ites or birkremites), enderbites, and hy- 
persthene quartz syenites, All rocks have 
undergone varying degrees of metamorphism 
resulting in development of garnet, unmix- 
ing of microperthites, etc. Xenoliths of 
pyroxene granulites occur in most types. 


Norite with layers and schlieren of py- 
roxenite, 


Homogeneous granodioritic rocks: hybrid 
rocks with xenoliths of basic granulites, and 
charnockite-pyroxene granulite migmatites 
composed of alternating layers of pyroxene 
granulite and coarse charnockitic material. 
Coarse veins of charnockitic material are 
noticed in profusion, traversing these hybrid 
granodioritic rocks. 


Pyroxene granulites and variants containing 
hornblende, garnet, biotite, etc. They ap- 
pear to be reconstituted sheets of norite or 
gabbro associated with the metasedimentary 
basement; some of them may be reconsti- 
tuted calcareous rocks. Occur as lenticular 
bodies and as xenoliths in the hybrid and 


charnockitic rocks; form the mafic com- 
ponent in the migmatitic facies. Some 
granulites carry nodules of calc silicate 


rot 


Schistose gneisses composed of quartz, fel- 
spar, biotite, garnet, sillimanite and infre- 
quently graphite (khondalites); leptynite 
appears to be a thoroughly reconstituted 
and recrystallized facies of above. Thin 
bands of magnetite quartzite are interstrati- 
fied with the khondalites. 


STRUCTURE 


SEQUENCE OF ROCKS IN TYPE AREA 
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Holland 
Dolerite dykes 


‘Acid’ division of charnoc- 
kite series and leptynites 


*‘Ultra-basic’ division of 
charnockite series, pyroxe- 
nites composed of hypers- 
thene, augite hornblende, 
sometimes with olivine, 
green spinel and magnetite 


‘Intermediate’ division of 
charnockite series with con- 
temporaneous veins and 
basic fine grained schlieren, 


‘Basic’ division of charnoe- 
kite series equivalent to 
norite. 


Not 


repor ted. 


The rocks of the area have a NNE-SSW strike of foliation occasionally 
veering to NE-SW, with steep easterly dips varying from 60°-80°; at several 
points the various rock units display vertical foliation, The charnockites (hy- 
persthene granites and variants) occasionally display a distinct linear element 
due to stretching of the quartz grains and to a lesser extent the dimensional 
orientation of the mafic minerals, The linear structure is conspicuous on 
weathered surfaces, where differential weathering of felspars and quartz brings 
out the structure clearly. In fresh specimens, however, the general greasy lustre 
of the quartz and felspars which are both colored, masks the same, This 
lineation is generally parallel to the foliation, but occasionally plunges at low 
angles to the NE. The lineation in the charnockite suite of rocks is conform- 
able to the lineation in the pyroxene granulites and garnetiferous sillimanite 
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gneisses with which they are interstratified. This is a ‘b’ lineation and conse- 
quently indicates the general trend of the regional fold axes, Horizontal linea- 
tion of this type is generally suggestive of slightly overturned isoclinal folds. 
Wilson (1957, p. 4) has described such isoclinal structures in charnockites and 
related granulites near Simon Hill ,Western Australia. Holland (1900, p. 125, 
176, 219) has referred to the linear arrangement of minerals and inclusions in 
these rocks, attributing it to be a magmatic feature accentuated by later de- 
formation. The almost uniform and steep easterly dip of all the rock units of 
the area is indicative of the slight overturning of the isoclinally folded rocks to 
the west. It is considered that the rocks of the area were tightly folded iso- 
clinally, after the emplacement of the charnockite suite as interstratified sheets 
in a basement of khondalites and pyroxene granulites. 

The rocks in the Tirusulam hill .401 and Mosque hill .499, Pallavaram, 
show a sharp swing in their strike of foliation, resulting in a WNW-ESE trend. 
They, however, swing back to their original trend near Issapallavaram, This 
large bend in the structural trend in which all the rocks are involved, is in- 
terpreted to be a local flexure in the regional fold structure. 

There are distinct vertical tensional joints across the foliation in all rock 
units, more particularly in the charnockite suite of rocks which also display 
almost horizontal primary flat joints. In addition, sheeting parallel to the topog- 
raphy generally at intervals of 10-15 inches and sometimes as much as 2-5 feet 
is noticed in several quarries. The dolerite dykes in the area appear to be em- 
placed along these joints, as many of them trend WNW-ESE or E-W which 
is the principal direction of the major joints in these rocks. 

A mylonitic rock is observed at the contacts of charnockitic rocks with the 
khondalites, in the Nedungunram hill .349 and Vandaiur hill .563, but in gen- 
eral, sharp contacts between the various rock units in the area cannot be 
deciphered. The rocks in the area, appear to have undergone a series of de- 
formations culminating in the emplacement of the charnockite suite of rocks 
with subsequent plastic deformation. The textures indicated by these rocks sup- 
port this contention. The intermingling of zones of highly recrystallized rocks 
simulating a quartzite with zones of coarsely crystalline undeformed rocks 
within a short distance of 3 or 4 feet is a feature noticed throughout the area. 
It is likely that such zones of intense recrystallization represent annealed pri- 
mary fissures and fractures along which movements have taken place during 
the consolidation period. The overall structure in the area is interpreted to be 
a series of tight isoclinal folds overturned to the west plunging at low angles 


to the NE. 
NOMENCLATURE 


Holland (1893, p. 162) suggested the name charnockite for a hypersthene 
granite, in honor of Job Charnock, whose tombstone was made of this rock, He 
later (1900, p. 130) defined charnockite as a hypersthene granite composed of 
quartz, microcline, hypersthene and accessory iron ores. He states (1900, p. 
131): 


Charnockite is a convenient name for a quartz-felspar-hypersthene-iron ore rock 
in the charnockite series, and not a name for any hypersthene-granite occurring 
in other petrographical provinces. The much complained of burdens of petro- 
graphical nomeclature are not due to the creation of specific names for local 
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types, but to irresponsible and unwarranted extension of such names to include 
unrelated members of different and widely separated petrographic provinces, in 
which the accidents of differentiation and segregative consolidation may have 
produced by chance similar mineral aggregates. 


Holland (p. 125, 128) suggested the term “Charnockite series” for a group of 
rocks genetically related to charnockite, which vary from acid charnockite to 
ultra basic pyroxenite, characterized by even grained granulitic (panidio- 
morphic) texture and the constant presence of highly pleochroic orthorhombic 
pyroxene approaching hypersthene. In spite of Holland’s warning, both the 
above terms have been indiscriminately used both in India and other countries, 
with the result that we have in the literature descriptions of charnockitic rocks 
which, in the opinion of the writer, bear little resemblance to the rocks of the 
type area. Holland’s classification of the charnockite series into ‘Acid’, ‘Inter- 
mediate’, ‘Basic’ and ‘Ultrabasic’ divisions, restricting charnockite to the acid 
members has been misunderstood, and rocks described as ‘Acid’, ‘Intermediate’ 
and ‘Basic’ charnockites. The term charnockite has therefore lost its original 
significance and is applied more or less to any dark-colored granulitic rock oc- 
curring in the Archaean of India and elsewhere. The writer has seen collections 
of amphibolites, pyroxene granulites, pyroxene gneisses, pyroxene syenites, 
norites, gabbros, diorites, granodiorites and dark colored granites, all of which 
are referred to as charnockites! 

A small chip of rock from Job Charnock’s tombstone was re-examined by 
the writer and found to carry grains of red garnet’ in addition to hypersthene, 
quartz, felspar (microperthite) and ores. Field examination has also shown 
that garnet is present in most rocks of the charnockite suite in variable 
amounts. In fact, a large specimen which megascopically did not reveal any 
garnet, when powdered for separation of zircons, showed a fair amount of the 
mineral. In view of this, the writer would redefine Charnockite as a hypers- 
thene quartz felspar rock with or without garnet, characterised by greenish 
blue feldspars, and greyish blue quartz, the dominant felspar being a micro- 
perthite. The hypersthene granites of Madras are similar to birkremites of 
Ekersund, and Holland (1900, p. 135) has mentioned that Vogt’s (1893, p. 4) 
description of bronzite granite is applicable to the South Indian charnockite. 
Tilley (1936, p. 315) has discussed the merits of the terms ‘Charnockite’ and 
‘birkremite’ and is inclined to consider them synonymous. 

Granulitic texture has been emphasized as a uniform feature of charnoc- 
kites, but the writer considers this untenable, as field examination has shown 
these rocks to vary from coarsely crystalline types (grain size varying from 
1 mm to 2 em), to thoroughly recrystallized dense types simulating a quartzite. 


Charnockite suite 
Petrographic examination of rocks in the type area has shown that rocks 
generally grouped as acid charnockites can be classified into the following 
distinct types: 
1. Charnockite (hypersthene granite or birkremite). 
2. Enderbite. 
Holland (1893, p, 163) has recorded the presence of garnet of the almandine variety in 


the rock from Charnock’s tombstone, Unfortunately this has not been mentioned in his 
famous memoir. 
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3. Hypersthene quartz syenite. 

4. Alaskite (quartz-felspar rocks of Holland, 1900, p, 144). 

Types 1, 2 and 3 invariably carry orthopyroxene, which in some cases is 
partially or completely reconstituted to garnet, so that we have rocks carrying 
only hypersthene, both hypersthene and garnet and only garnet. Type 4 is a 
binary granite devoid of any mafic mineral, but grades to garnetiferous and 
non-garnetiferous charnockite the passage types carrying pink garnets, Char- 
nockite sensu stricto with wide textural and mineralogical variation, and in 
part garnetiferous, is wide-spread in the type area and freely grades into the 
other types mentioned above. The presence of enderbite in the Pallavaram area 
has been indicated by Tilley (1936, p. 314), and recent chemical analysis of 
some rocks from the type area (Howie, 1955, p. 732) and Howie and 
Subramaniam (1957, p. 572) show a dominance of soda over potash, confirm- 
ing Tilley’s suggestion. The writer's field and laboratory studies have indicated 
that garnetiferous and non-garnetiferous enderbites are more prevalent in the 
type area than charnockite sensu stricto, Tilley (1932, p. 314) defines enderbite 
as an acid member of the charnockite series characterized by rhombic py- 
roxene, in which plagioclase (antiperthite) is the essential felspar. He has also 
drawn attention to the association of enderbites with typical charnockites, 

Petrographic examination by the writer has shown the presence of a 
syenitic facies of charnockite in which the modal quartz varies from 5-20 per- 
cent, These rocks can be called hypersthene quartz syenites and appear to be 
very similar in character to similar rocks described by Buddington (1939, p. 
127; 1952, p. 58). This type is also partly garnetiferous. 

Beside the above, coarse pegmatites facies of all the above types are seen 
traversing the rocks. The writer suggests that the term “Charnockite suite” be 
restricted to this assemblage of rocks consisting of charnockites, enderbites, 
quartz syenites and alaskites, which appears to be initially of magmatic origin. 
Later metamorphism has presumably resulted in mineralogical changes, such as 
formation of garnet and unmixing of perthitic felspars, with wide textural 
changes. Charnockite suite in this paper therefore refers only to rocks of the 
acid division of Holland. 

Other rock units in the type area 

Hybrid rocks.—The intermediate division of Holland is largely composed 
of homogeneous and inhomogeneous hybrid rocks resulting from inter-action 
of the magma which gave rise to the charnockite suite referred above, with 
pyroxene granulites prevalent in the area. A migmatitic phase in which py- 
roxene granulite carries parallel bands of charnockitic material is also de- 
veloped at several points, and even in hand specimens the two types can be 
readily distinguished. Holland (1900, p. 147) himself has recognized such 
composite types and states: 

Even in a hand specimen, the composite nature of these ‘intermediate’ rocks is 
generally very noticeable, the basic and the acid portions being either distributed 
in irregular patches or arranged in parallel bands. This fact makes it very diffi- 
cult to place any one specimen in the commonly employed system of rock classi- 
fication. 
The situation described above is, in the opinion of the writer, inconceivable in 
rocks which are products of differentiation, but perfectly consistent with their 
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being products of incorporation and assimilation of pre-existing rocks by an 
igneous intrusion of later age. The hybrid rocks in the type area show at 
several points relicts of pyroxene granulites which have been called “autoliths” 
by Holland (1900, p. 217), but these appear to be xenoliths. Holland (1900, 
p. 219) has described what he calls a primary breccia in which some scores of 
angular fragments of dark-colored, basic, fine grained rock are seen to be in a 
matrix of lighter colored more quartzose and coarser charnockite. Holland 
(1900, p. 149) has stated: 


It seems evident that these intermediate forms are composed of half norite and 

half charnockite. 
Indeed, re-examination of a specimen 9.660 described by Holland (1900, p. 
156) as augite norite shows it to be a pyroxene granulite veined by charnockite, 
it being possible to differentiate the felspars and pyroxenes in the two portions, 
by optics. It therefore seems clear that the intermediate division of Holland, 
represents a group of hybrid rocks, which can be expected to occur in associa- 
tion with charnockitic rocks in most Precambrian terrain. The writer would 
group these rocks separately, and not classify them with charnockites, though 
they owe their genesis to influx of charnockitic material on basic rocks, 

Syntectonic lenses of basic rock.—There are small exposures of norites 
which do not show any marked recrystallization and which are very different 
from the pyroxene granulites described below, the most conspicuous being on 
the Pammal hill .265, NE of Tirunirmalai. These norites which carry schlieren 
of pyroxenite have been described by Holland (1900, p. 164). The writer con- 
siders these small masses of norite with related pyroxenitic layers as syntectonic 
lenses, unrelated to the pyroxene granulites or to the charnockites. Such masses 
of gabbro and norite are scattered all over the Archaean of South India and 
appear to have been emplaced as small lenses during a particular orogenic 
epoch. 

Basement rocks.—The basic division of Holland is largely composed of 
pyroxene granulites and variants which are developed in force in the type area. 
They are easily distinguished from the rocks of the “Charnockite suite”, as 
they are homogeneous, granulitic, and tend to weather to bouldery runs, In- 
clusions of such granulites are seen in the hybrid rocks, and in the charnockite 
suite of rocks, where they tend to become rich in biotite, At one point in the 
type area, the granulites are garnetiferous and carry nodules of cale-silicate 
rock (Howie and Subramaniam, 1957, p. 569). 

Foliated schistose rocks with an assemblage of minerals similar to khonda- 
lites are developed in force in the type area where they form a definite horizon. 
These are largely quartzo-felspathic gneisses with variable proportions of gar- 
net, biotite, sillimanite and occasionally graphite. These rocks have a variable 
composition across the foliation (bedding) and contain intercalations of pelitic, 
psammatic and cafemic material, as also layers of pyroxene microgranulite and 
magnetite quartzite. The garnets in these rocks are leached out on weathered 
surfaces, Sillimanite sheafs are aligned parallel to the foliation, At contacts 
with charnockites these rocks are thoroughly recrystallized with development 
in force of sillimanite and diablastic garnets; where metamorphic reconstitution 
is complete, the resultant rock is a garnetiferous granulite described by Holland 
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(1900, p. 142) as garnetiferous leptynite. Leptynites may therefore be regarded 
as reconstituted facies of khondalites. 


MUTUAL RELATIONSHIP OF ROCK UNITS 
Charnockite suite 

The distribution of the various rock units encountered in the type area is 
shown in the map (fig. 3) and it is not intended to go into the details of their 
distribution. The rocks of the charnockite suite vary in texture from very fine 
grained brownish or bluish-gray types simulating a dense quartzite to coarse 
grained types with an abundance of bluish-green or gray felspar, blue quartz 
and visible grains of pyroxene. These rocks on weathering, display conspicuous- 
ly the linear arrangement of stretched quartz grains parallel to the prevalent 
foliation. The association of dense, fine grained rocks with coarsely crystalline 
types is suggestive of these rocks having suffered active deformation in the 
plastic stage. Very coarse veins composed largely of blue quartz and greenish 
grey felspars traverse these rocks and can seen in all the exposures in the area, 
The Alaskitic variant of the charnockite is found at several points, and appears 
to be a border facies. The following field relationships have been observed: 


1. Alaskite composed of blue quartz and pink felspar passing to typical char- 
nockite (Hillock .150, south-west of Ottiyambakkam). 

2. Garnetiferous alaskite passing to typical charnockite containing garnet 
which in turn passes to a type devoid of garnet (Hill .440 in Tambaram 


R. F. area and Hillock .170 WNW of Kilkattalai). 


The rocks of the charnockite suite carry at several points inclusions of 
basic rocks which vary from biotite pyroxenites to pyroxene granulites. Such 
inclusions are seen in all the larger exposures of charnockitic rocks. Enderbites, 
quartz syenites, hypersthene granites and alaskites are so intimately associated 
that it would be difficult to demarcate them separately in a map, Of these, 
enderbites are most prevalent in the hills .563 and .500 near Vandalur, the 
hillocks near Melkottaiyur, and in portions of the larger hills .499 and .401 
near Pallavaram. 


Hybrid rocks 

Exposures of these rocks are seen at the following points: 
3 furlongs west of Unamancheri 
Southern slope .86 east of Malaiparacheri 
Knoll west of .367 
On .367 west of Unamancheri 
On hill .349 near Nedungunram 
Hills .499 and .401 near Pallavaram 
.250 at St. Thomas Mount 
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They carry basic inclusions which have a linear arrangement and at some 
places as at St. Thomas Mount, develop into a charnockite-pyroxene granulite 
migmatite (pl. 3). As these rocks represent a hybrid facies, no clear cut con- 
tacts between them and rocks of the charnockite suite can be established, The 
occurrence of coarse charnockitic pegmatite across the foliation and the 
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presence of innumerable xenoliths. present unequivocal evidence as to their 
hybrid nature. Holland (1900, p. 218-219) has described some rocks as pri- 
mary breecia, in which fine grained basic fragments are scattered in a matrix 
of coarse charnockite. Such rocks are common in the type area and are clearly 
hybrids. Holland’s (1900, p, 221) ‘autoliths’ and “contemporaneous veins’ ap- 
pear to the writer to be ‘xenoliths’ and ‘acid’ late phase pegmatites respectively. 


Syntectonic lenses 

At Pammal hill .265 NE of Tirunirmalai, Nanmangalam hill .233 and the 
hillock .86 near Malaiparacheri, norites with layers and lenses of pyroxenite 
are seen. These norites appear to be intrusive into pyroxene granulites as at 
Pammal hill, where small cross cutting layers of pyroxenite are also seen. These 
have been described by Holland (1900, p. 164-165). He has. however, grouped 
this norite in the basic division of his charnockite series. The rocks at Pammal 
hill and elsewhere with associated pyroxenite layers, differ from the pyroxene 
granulites of the area in their mineralogy and texture and do not appear to 
have undergone any significant metamorphic changes, The writer would con- 
sider these to be syntectonic lenses, emplaced during an orogenic period pre- 
ceding the emplacement of the rocks of the charnockite suite which cut these 
norites at Pammal hill and elsewhere. 

Basement rocks.—Pyroxene granulites and variants represent the most 
important group of basement rocks in the type area, the other being the 
quartzo- felspathic garnet sillimanite gneisses (khondalites) and their re- 
crystallized facies. They occur as houldery runs, small hillocks, as layers in- 
terstratified with khondalites, and as xenoliths in the charnockite suite of rocks 
and related hybrid types, They are noticed at the following points: 

1. Thin layers in khondalites. SE of Vandalur. 
2. Thin layer in khondalites, 1 mile SE of above north-west of Unamancheri. 
}. As inclusions in charnockitic rocks at hill 349 near Nedungunram, 
t. As inclusions in the charnockitie rocks of hills 563 and .500 at Vandalur. 
9. As inclusions in charnockitie rocks in the hill rise south of Ottiyambak- 
kam. 
6. As inclusions in the charnockitic knolls south of Jalladampettai. 
7. In charnockitic rocks at .233 south of Nanmangalam, as inclusion and 
layers. 
In the small hills north of Tambaram forming a broad band northwards 
towards Tirunirmalai. 
9. As inclusions in charnockitic rocks of 440. .360 and other hills. W and 
NE of Tambaram. 
10. As inclusions in the charnockite suite of rocks west of Hasanapuram, 
11. As bands and layers in charnocktic rocks of hills 499 and .401 near Pal- 
lavaram. 
12. As layers and inclusions in charnockitic rocks of the St. Thomas Mount 

hill .265. 

These rocks have a linear structure conformable to that in the charnockite 
suite of rocks with which they are inter-banded. A garnetiferous facies of these 
eranulites with nodular lenses of cale-silicate rock occurs near Kilkattalai and 


} 


Type Area Near Madras—A Reinterpretation 333 


has been described (Howie and Subramaniam, 1957, p. 569). At St. Thomas 
Mount, these granulites have been injected by charnockite resulting in a 
migmatitic facies. That these pyroxene granulites are much older than the 
charnockite suite of rocks is brought out by the fact that they occur as in- 
terstratified layers in the khondalites, have a uniform granulitic texture, display 
thorough recrystallization, contain cross cutting veins of coarse charnockite, 
and oceur as inclusions in the hybrid rocks and in rocks of the charnockite 
suite. The following description of the St. Thomas Mount hill by Holland 
(1900. p. 172) is significant. 
The main mass of St. Thomas Mount itself is augite-norite which, however, is so 
cut through by acid veins, that in places the rock becomes an irregular mixture 
of charnockite and norite such as, characterises the varieties described as ‘inter- 
mediate. 
This, in the writer's opinion, offers a clear example of the intrusive nature of 
the charnockite suite, into pyroxene granulites (norite of Holland). 

The garnetiferous sillimanite gneisses or khondalites form a distinct zone 
west of the Madras road extending over 6 miles and forming the group of 
knolls and the hillock .360, ending up a little north of Minambakkam. These 
rocks get compact near contact with the charnockites, forming a thoroughly re- 
crystallized garnetiferous granulite. Holland (1900, p. 173) regarded these as 
metamorphosed charnockites, but his description quoted below lends support 
to the writer's belief that they are metamorphosed khondalites. 

The garnetiferous leptynite is dirty white in color, is more distinctly foliated and 

erushed easily under the hammer. 
Holland has sketched the relationship of charnockite, leptynite and_norite 
(1900, p. 173, fig. 4) and states (1900, p. 142) that leptynites are found at 
the contacts of charnockites and norites, considering them to have formed due 
to dynamo-metamorphism of charnockite. It appears to the writer that the plan 
sketched by Holland (fig. 2) represents an interstratified unit of khondalite 
and pyroxene granulite (Holland’s leptynite and norite) which has been in- 
truded by charnockite. The resulting situation would be the recrystallization 
and reconstitution of the khondalites along their contacts with charnockite and 
consequent formation of leptynite, a relationship found in the Pallavaram 
area, Holland (1900, p. 174, fig. 5) has sketched and described a specimen 
showing the gradual passage of charnockite into leptynite. In this case, the 
charnockite is grading into a garnetiferous alaskite, which is quite distinct 
from a leptynite. Such passage types have been referred to earlier. 

The overall picture of mutual relationship of rock units in the type area 
can be summarized as below. Rocks of the charnockite suite were emplaced as 
sheets and lenses in a gently folded basement sequence of khondalites with in- 
terstratified pyroxene granulites, There was a certain amount of hybridization 
with formation of mixed types and migmatites. The whole sequence of rocks was 
subsequently involved in regional deformation, resulting in tight isoclinal fold- 
ing of the rock units and their subsequent overturning to the west. The norites 
and related pyroxenites are thought to be syntectonic lenses, emplaced during 
a minor orogeny of pre-charnockite age, As these lenses have been enclosed by 
other rocks, they have not been markedly affected by subsequent deformation. 

The writer was fortunate to visit with Professor Buddington certain sec- 
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tions of the Shevroy in Salem district and the Nilgiri section between Mysore 
and Ooty (see fig. 1) described previously by Holland (1900, p. 179, 186, 
187). In the Shevroys, khondalites and their recrystallized facies (leptynites) 
were found interbanded with charnockitic rocks and pyroxene granulites, The 
intermediate members of Holland (1900, p. 180), called by him eruptive 
breccias, were found to be hybrid rocks carrying inclusions of basic material 
in a charnockitic matrix. The meta-sedimentary nature of the leptynites was 
evident from the high quartz content of these rocks, A similar situation was 
found in the Nilgiri section along the Ooty-Mysore Road, The writer has also 
seen a similar field association of rocks in the northern slopes of the Palni 
massif. Dr. Krishnan (personal communication) has observed charnockitic 
rocks having an intrusive relationship with leptynitic and khondalitic rocks, 
near Tinnevelly, Kondapalli and Polavaram, while Crookshank (1938, p. 402) 
has reported the intrusive nature of the charnockites of Jeypore. Adams (1929, 
p. 467-511) has described the association of charnockite with pyroxene granu- 
lites, khondalites, and leptynites in Ceylon. 


MINERALOGY 

Valuable data on the mineralogy of ‘Charnockites’ and associated rocks of 
the type area have been presented by Howie (1955) and Howie and Subra- 
maniam (1957). These together with additional data based on the writer's 
laboratory work will be briefly discussed, as the mineralogy of these rocks 
offers valuable clues to their origin and mutual relationship. 


Charnockite suite 

As stated earlier, this suite is composed of alaskites, enderbites, hypers- 
thene quartz syenites and charnockites (hypersthene granite or birkremite) ; 
their mineralogy is as follows: 

Essential minerals —Blue quartz, bluish green felspars which include 
plagioclase, antiperthite, microperthite and microcline; 
orthopyroxene ranging in composition from eulite to 
hypersthene. 

Varietal minerals Clinopyroxene, garnet, hornblende and biotite. 

Accessory minerals — Apatite, zircon, ilmenite, titanomagnetite and pyrrhotite. 


The nomenclature of the rock types in the suite is based on the relative 
proportions of the essential minerals, and to a lesser extent those of the varietal 
minerals, Orthopyroxene, which is the typomorphic mineral, is present in all 
types except in the alaskites and in rocks which have suffered extreme recon- 
stitution, where it has been reconstituted to garnet. 

Quartz.—Quartz in these rocks is bluish-gray or blue in color and in thin 
sections show marked wavy extinction. This is due to rewelding of small grains 
into leaves or plates of quartz and it seems to the writer that the blue color of 
the mineral may be attributed to an optical effect caused by dispersion of inci- 
dent light on such rewelded grains. 

Felspars.—Plagioclase felspars in these rocks have a range in composition 
of Anoo to Angs, but generally are around Ango. In the enderbitic rocks they 
are strongly antiperthitic, but subordinate amounts of plagioclase plates devoid 
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of antiperthitic structure displaying simple and complex twinning are present 
in most rocks except the alaskites. Antiperthite, similar to “Hair antiperthite” 
described by Eskola (1952, p. 148) are found in the enderbitic rocks, The 
prevalence of the unusual twin law “Albite-Ala” in the plagioclase of these 
rocks recorded earlier by Rajagopalan (1946, p. 329), Naidu (1954, p. 208) 
and Howie (1955, p. 744) has also been observed by the writer, and is in 
consonance with their host rocks having an igneous parentage. The strong de- 
velopment of antiperthites in enderbite is considered by Tilley (1936, p. 315) 
as indicative of high temperature of consolidation of magmas connected with 
their low water content. The plagioclase in these rocks does not show zoning. 
The potash felspars in these rocks range from microperthites to microcline 
perthites and microcline. “Hair perthites” and “Flame perthites” similar to 
those described by Eskola (1952, p. 149) are fairly common (plate 2, fig. 6). 
Some of the felspar grains which appear to have no perthitic structure under 
ordinary magnifications, are found on high magnification to be perthites and 
may be considered as cryptoperthites. These cryptoperthites are found in rela- 
tively undeformed rocks and on unmixing induced by deformation, become 
strongly perthitic as in the rocks which are recrystallized. The composition of 
these perthites deduced from optics range from Ors. to Org; (+5 percent) 
and the majority of rocks, particularly the enderbites, carry perthites of the 
compositional range Or;2 to Or,;. Michot (1951, p. 270) has suggested the 
name “mesoperthite” for microperthites which carry equal amounts of ortho- 
clase and plagioclase, and considers them to have formed under high tempera- 
ture environments. A reference to Bowen and Tuttle’s diagram (1950, p. 49, 
fig. 3(1)) will show that such mesoperthitic felspars as are found in the 
charnockite suite of rocks would indicate a temperature of unmixing of over 
600°C, suggesting thereby that these rocks have consolidated at much higher 
temperatures. Tuttle (1952, p. 116) has also stated that: 
. perthites when composed of nearly equal amounts of albite and microcline 


is evidence per se of high temperature and suggests a magmatic history for the 
rocks concerned. 


Fskola (1957, p. 107) has also considered the mesoperthitic hair perthites, 
found in charnockites as indicative of highest temperatures. 

The color of these rocks is largely governed by the color of the prevalent 
felspars, and all the members of this suite carrying orthopyroxenes have a 
bluish color, while the alaskites are pinkish or grey, Buddington and Leonard 
(1955, p. 893) have recorded this peculiarity in the rocks of the Diana Quartz 
Syenitic Complex in the Adirondacks in which pyroxenic facies are green in 
color, whereas the hornblendic facies are pink. It seems to the writer that rocks 
consolidated under exceptionally dry conditions would have this bluish color 
as oxidation of iron oxide present in a diffused state in the felspars would be 
at a minimum. Chips of blue charnockite heated at 600-700°C for a few hours 
turned pink, simulating typical flesh colored granites. 

Orthopyroxene.—Orthopyroxene is the essential mafic constituent of the 
charnockites, enderbites and quartz syenites, being absent only in some highly 
reconstituted facies, where they are totally trasnformed to garnet. The ortho- 
pyroxene is not merely a hypersthene as hitherto believed, but ranges in com- 
position from eulite En,; to hypersthene Eng, as deduced from optics following 
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Hess (1952). and from chemical analyses (Howie, 1955; Howie and 
Subramaniam, 1957; and unpublished data). The orthopyroxenes in the en- 
derbitic rocks are ferrohypersthenes and eulites and occasionally show lamellae 
of clionopyroxene. In the syenites and charnockites, however, they are typical 
hypersthenes, with pleochroic inclusions. Pleochroism is in greens and salmon 
pink and does not appear to be related to the tenor of iron in the mineral, The 
presence of exsolution lamellae of clinopyroxene and schiller inclusions are sug- 
gestive of the igneous nature of these orthopyroxenes, The occurrences of py- 
roxene to the exclusion of hornblende in these rocks, is suggestive of a relative- 
ly dry magma devoid of “hydroxyls”, which would consequently require a 
higher melting temperature. 

Garnet and other varietal minerals.—Garnet rich in almandine and pyrope 
molecules occurs in many of the rocks of the charnockite suite and its para- 
genesis has been discussed in detail (Howie and Subramaniam, 1957, p. 581- 
582). 

Clinopyroxene approaching diopsidic augite in composition (deduced 
from optics) is present in small amounts in some rocks of this suite, while 
hornblende and biotite which are clearly secondary, occur in minor amounts 
in some rocks. 

Accessory minerals.—Apatite, zircon, titanomagnetite, ilmenite and pyr- 
rhotite are the accessory minerals in these rocks. All these occur as euhedral 
and subhedral individuals, though some zircons are rounded, The rounding of 
some of the zircons may perhaps be attributed to early crystallization with 
subsequent corrosion during consolidation and plastic deformation of the rocks. 
The magnetites in these rocks are being isolated to determine their TiO, con- 
tent, which in turn well help in evaluating their temperature of formation 
(Buddington, et al., 1955). During preparation of magnetite concentrates, a 
considerable amount of pyrrhotite was identified in fractions isolated with a 
hand magnet. The occurrence of pyrrhotite in these rocks as an accessory 
mineral is a noteworthy feature, and is suggestive of the consolidation of the 
host rock at elevated temperatures. 


Hybrid rocks 
These rocks contain minerals found in the charnockite suite described 
above and those found in the pyroxene granulites which will be described 
below. The following statement of Holland (1900, p. 147) is of interest in this 
connection: 
In fact in nearly all sections of these intermediate rocks all the minerals charac- 


teristic of charnockite are found mixed irregularly with all the minerals of the 
norite. 


While describing the rocks of the intermediate division from Shevroy, Holland 
(1900, p. 180) states that in one thin section, patches as basic as norite are 
mixed with portions as acid as charnockite. 


Syntectonic lenses of norite with pyroxenite layers 

These rocks have a simple mineralogy being composed of sub-calcic 
plagioclase Anso.¢;, orthopyroxene Ens5-s2, clinopyroxene (augite), olive green 
hornblende, spinel and opaque ores. The plagioclase felspar and pyroxenes do 
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not show any recrystallization. The pyroxenite is composed of almost equal 
proportions of orthopyroxene En. and augite showing salite structure, both 
the pyroxenes showing paramorphic alteration to green hornblende. 


Basement rocks 

Pyroxene granulites.—These rocks carry sub-calcic plagioclase varying in 
composition from An,; to An;o, orthopyroxenes of the compositional range Engs 
to En;;, and light green clinopyroxenes (diopsidic augites and ferroaugites) , 
as essential minerals, quartz, garnet, strongly pleochroic secondary hornblende 
and biotite as varietal minerals, and apatite, calcite and ores and occasionally 
sphene as accessories. 

Khondalites—These are composed predominantly of quartz, microperthite, 
subordinate plagioclase, garnet, sillimanite, green spinel, ores and occasionally 
an iron rich amphibole. 


DISCUSSION 

If as Holland assumed, the intermediate and basic rocks were genetically 
related to the charnockites, this would be reflected in the mineralogy of the 
various rocks, and brought out clearly by the compositional variations in the 
orthopyroxenes and plagioclases, The pyroxene granulites carry orthopyroxenes 
ranging in composition from En,s to En;; while the rocks of the charnockite 
suite are En.; to Engs. Such a situation is not consistent with the granulites 
and charnockites being members of a differentiation series, and clearly shows 
that they are genetically unrelated, A specific case has been cited in an earlier 
paper (Howie and Subramaniam, 1957, p. 584) in which we have stated: 


In the present instance, however, for rocks around Pallavaram, the basic granulite 
Ch. 199 carries an orthopyroxene of composition Enw.s, while the acid garnetifer- 
ous enderbite Ch. 113 has an orthopyroxene of composition Enso.s, which is incon- 
sistent with the accepted facts of mineral variation in a differentiation series 
where the basic members carry a magnesian orthopyroxene and the more acid 
members a progressively more iron rich orthopyroxene, The garnets from these 
two rocks behave in the same way, the more basic rocks having the more iron 
rich garnet. 

The variation in composition En.; to Eng, in orthopyroxenes of the 
charnockite suite of rocks is consistent with their being a differentiation series; 
in fact the more acid members carry progressively iron rich orthopyroxene, 
while the syenitic rocks carry magnesian orthopyroxenes (see table 1). The 
lamellar nature of the orthopyroxenes in the charnockite suite has already been 
referred to, The orthopyroxenes in the granulites are recrystallized and are 
clearly metamorphic; Hess (1952, p. 180) has classified an orthopyroxene in a 
granulite from the Pallavaram area as metamorphic. 


PETROGRAPHY 


Petrographic descriptions of rocks from the type area have been given by 
Holland (1900), Washington (1916, p. 324-333), Naidu (1954, p. 266-267), 
Howie (1955, p. 726-730), and Howie and Subramaniam (1957, p. 567-571). 
The writer's petrographic studies of rocks of the type area suggest the follow- 
ing classification: 

Charnockite suite—Alaskite, charnockite (birkremite), enderbite and 
hypersthene-quartz syenite (all above types are partly garnetiferous) , 
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Hybrid rocks —Homogeneous hypersthene diorites and variants grading 
to hybrid types where basic and acid portions are readily discernable in hand 
specimens and thin sections: charnockite-pyroxene granulite migmatites. 

Syntectonic lenses.—Norite. hornblende norite, pyroxenite, and horn- 
blende-hypersthenite. 

Basement rocks (pyroxene granulites and khondalites) —Pyroxene 
granulite, biotite pyroxene granulite, hornblende-hypersthene-biotite-andesine 
granoblastic gneiss, hypersthene-hornblende-labradorite gneiss, garnetiferous- 
ferrohypersthene, clinopyroxene-granulite with lenses of cale-silicate rock, 
garnetiferous sillimanite gneiss (khondalite) and recrystallized facies of same 
(leptynite). 


Charnockite suite 
The charnockite suite of rocks shows marked textural and mineralogical 
variation, in spite of a megascopic similarity in the greenish blue color. Thin 
sections display a holocrystalline texture indicative of apparently continuous 
crystallization, with the major constituents displaying a xenomorphic relation- 
ship. The quartz in these rocks shows wavy extinctions and is composed of 
smaller individuals welded together. The potash felspar is primarily a micro- 
perthite with incipient microcline hatching, while plagioclase which is sub- 
ordinate is an oligoclase Anoo.so. Myrmekite is present and occurs along con- 
tacts of quartz and microperthite. Orthopyroxenes present, vary in composition 
from hypersthenes to eulite and are occasionally lamellar. Other minerals 
present are occasional grains of clinopyroxene, biotite, and secondary horn- 
blende, with apatite, zircon, and ores. Garnet is developed in many rocks 
sometimes to the exclusion of orthopyroxene. The feldspars in enderbites are 
antiperthitic plagioclases and mesoperthites, denoting a higher content of soda; 
the orthopyroxenes in them are ferrohypersthenes and eulites. The quartz 
syenites carry only about 10-15 percent of modal quartz and simulate charnoc- 
kite sensu stricto in other respects. The alaskites have been described as quartz 
felspar rocks associated with charnockite by Holland (1900, p. 145) who 
states: 
They differ from the normal charnockite merely in the complete suppression of 
the hypersthene and concomitant increase in the size of the two remaining con- 


stituents, quartz and felspar, which present precisely the same microscopic 
peculiarities as the constituents of the normal charnockite. 


The writer has found these rocks to be composed essentially of microcline 
microperthite, and rutilated quartz with myrmekitic intergrowths of felspar. 
Zircon and ores are present as accessories while garnet is developed in the 
border facies near contacts with khondalites. 

Thin sections of recrystallized facies of rocks of the charnockite suite dis- 
play typical granulitic texture with polygonal grains of felspars and quartz 
forming a mosaic in which grains of orthopyroxene and accessory minerals 
are scattered. In some strongly deformed rocks the quartz leaves display a 
pronounced preferred orientation (plate 1, fig. 6). The absence of turbidity 
and inclusions in the felspars (perthites) and quartz. as also their polygonal 
outline and sutured margins are suggestive of recrystallization. The formation 
of perthite from sub-microscopic cryptoperthites has been considered by Chayes 
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(1952, p. 293) to be a feature of granitic rocks showing intense granulation 
of quartz. The potash felspars in the coarse undeformed rocks are cryptoperth- 
ites and microperthites which tend to become perthitic in slightly deformed 
types containing highly granulated quartz (plate 1, fig. 5). In some instances, 
the process is carried to a farther stage resulting in the formation of plagio- 
clase and microcline (plate 1, figs. 1-2). Buddington (1939, p. 329) has shown 
that under appropriate temperature conditions “non-uniform pressure” favors 
the complete dissociation of perthitic felspar of quartz syenite rocks of the 
Adirondack region with resultant formation of albite or oligoclase, and micro- 
cline. Unmixing of cryptoperthites and perthites in the rocks of the charnockite 
suite, may be attributed to post crystallization deformation. The modal and 
chemical compositions of the recrystallized types do not differ much from those 
of coarse grained undeformed types. 


Hybrid rocks 

The hybrid types display granulitic texture where they are homogeneous, 
and are uneven in other cases (plate 2, figs. 4-5). As stated earlier, they have 
a mineral assemblage common to the pyroxene granulites of the basement, and 
rocks of the charnockitic suite (plate 1, figs. 3-4). Plagioclase and orthopyrox- 
ene of differing compositions, corresponding to those in pyroxene granulite 
and charnockite respectively, have been recognized and their composition de- 
termined from optics, in some specimens of these hybrid rocks. 


Syntectonic lenses 

The norites and associated pyroxenites are considered to be syntectonic 
lense and have been dscribed by Holland (1900, p. 157-159, 164-169) and 
Washington (1916, p. 328-333). These rocks are fairly coarse in texture as 
compared to the pyroxene granulites, and show little evidence of recrystalliza- 
tion (plate 2, fig. 3). They are devoid of quartz which is invariably present in 
the granulites. The norites carry plagioclase Anso-¢5 and orthopyroxene Ens;5-¢s, 
while the pyroxenite carries an orthopyroxene Eng. For the purpose of our 
discussion, it is sufficient to state that these rocks bear little resemblance to the 
pyroxene granulites with which they are associated. 


Basement rocks 

Pyroxene granulites.—The pyroxene granulites are characterized by their 
uniform granulitic texture and readily distinguished from the norites referred 
to above by the ample evidence of recrystallization displayed by thin sections. 
Unforunately, Holland has grouped these granulites with the norites, Thin 
sections display a granulitic texture with the plagioclase felspars (Ansg5-70) 
showing polygonal outlines, displaying an equal proportion of twinned and 
untwinned plates (plate 2, fig. 2). Orthopyroxenes occur as rounded grains 
together with clinopyroxenes, and in plain light they are hardly distinguishable 
from one another when both exhibit a similar absorption tint. Orthopyroxenes 
are hypersthenes or ferrohypersthenes, while the clinopyroxenes are augites and 
ferroaugites pleochroic in pale green. Strongly pleochroic secondary amphi- 
bole is present in many types sometime predominating over the pyroxenes. 
Garnets are present in some types, while biotite, ores, calcite, apatite, and 
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sometimes sphene are present in varying amounts as accessory minerals, Quartz 
is present interstitially and is often in intergrowth with plagioclase. Various 
types have been recognized among these granulites on the basis of their textural 
and mineralogical variations. Some of these granulites which occur as layers 
in the khondalites are extremely fine-grained and can be called microgranulites, 
and perhaps represent metamorphosed and recrystallized basic sills, On the 
whole, these pyroxene granulites differ from norites in their displaying a 
characteristic metamorphic texture, containing plagioclase and orthopyroxenes 
with wide compositional variation, carrying minor amounts of quartz and de- 
veloping a garnetiferous or biotite rich facies. If they are the genetic relatives 
of the charnockites, we would expect them to carry magnesian orthopyroxenes 
and sub-calcic plagioclase of limited compositional range, but this is not the 
case, Holland’s (1900, p. 154) description of these rocks is significant. He 
writes: 

The norites are almost always granulitic (panidiomorphic) in structure, neither 

the ferromagnesian silicates nor the plagioclase showing any noticeable approach 

to idiomorphic outlines, but when quartz occurs as it sometimes does in small 


quantities it is irregularly developed around the minerals as if it were the last of 
the constituents to crystallize. 


Khondalites—The khondalites and their recrystallized facies have been 
described in an earlier paper (Howie and Subramaniam, 1957, p. 570). 
Khondalite proper is a bufl-colored schistose rock with abundant garnet 
(altered to brownish aggregates) and visible sheafs of sillimanite. Thin sec- 
tions show a high proportion of quartz characterized by wavy extinction, 
acicular inclusions, and sutured margins, and minor amounts of perthitic 
potash felspar (plate 2. fig. 1). Garnets occur as subhedral crystals and rugged 
grains which develop “atolls” and carry inclusions of spinel, ores, quartz, 
plagioclase, biotite and sillimanite. The recrystallized facies of above is a 
medium grained rock with porphyroblasts of pink or rose colored garnets, and 
in thin sections display a mosaic of granulated quartz with subordinate potash 
felspar, in which garnets are scattered, Sillimanite occurs as prismatic crystals, 
while minerals of undeformed khondalite described earlier are also present in 
varying amounts. The writer considers leptynite described by Holland (1900, 
p. 173) to be a completely recrystallized and reconstituted facies of khondalite. 
The high proportion of normative and modal quartz in leptynite (see table 1) 
is significant, and suggestive of its affinity to khondalite. 

It will be seen from the above brief review of the petrography of these 


PLATE 1 
Photomicrographs of charnockites 
‘iv. 1 upper left. Ch 60—Enderbite showing large plate of microperthite and adjacent 
plagioclase, crossed Nicols x 45. 
upper right. Ch 60—Enderbite showing microcline and plagioclase developed due 
to unmixing of perthite, crossed Nicols & 45. 
center left. Pyroxene granulite-charnockite migmatite, plain light « 13. 
center right. Ch 273—Pyroxene granulite charnockite migmatite, crossed nicols x 


5 lower left. Ch 110—Slightly deformed charnockite showing large plates of micro- 
perthite with peripheral quartz and myrmekite, plain light * 11. 
lower right. Ch 268—Strongly deformed charnockite showing preferred orientation 
of quartz, crossed nicols x 9. 


2 
| 
| 
Fig. 
Fie 
ig. 


A. P, Subramaniam—Charnockites of the 


‘ 


Type Area Near Madras—A Reinterpretation 343 


rocks that we are dealing with genetically unrelated units, The modal composi- 
tions of these rocks and the compositions of significant mineral phases present 
in them determined from optics, are given in table 1. 

CHEMISTRY OF ROCKS AND MINERALS 


Chemical, normative and modal compositions of 24 rocks from the type 
area are presented in table 1 and the distribution of trace elements in some 
minerals and rocks are shown in table 2. Analyses 1 to 13 in table 1 are of 
rocks of the charnockite suite, 14 to 17 of hybrid rocks, 18 and 19 of basic 
granulities, 20 and 21 of syntectonic lenses of basic rock, and 22 to 24 of 
khondalites and leptynite. 

The silica percentage in rocks of the charnockite suite ranges from 55.08 
in a quartz syenite to 78.53 in an enderbite. In the rocks classified as charnoc- 
kites (hypersthene granite) and hypersthene quartz syenites, the Na,O content 
varies from 1.94 percent in a charnockite (No. 1) to 3.67 percent in a syenite 
(No. 6), the values for K.O in the same rocks being 3.87 percent and 6.97 
percent respectively. In the enderbites Na,O percentage ranges from 3.13 to 
4.00, with values for K,O ranging from 1.27 to 3.99. Analysis No, 9 is of an 
enderbite, and contains almost equal proportions of Na,O and K,O. 

The normative quartz in the rocks of the charnockite suite varies from 
6.18 percent in a syenite to 45.78 percent in an enderbite, but is generally be- 
tween 20 and 30 percent. The modal values for quartz varies generally from 17 
to 30 percent, being higher in very acid charnockites and enderbites, and low 
in the quartz syenites. The MgO content of the rocks of the charnockite suite 
ranges from 0.26 to 3.99 percent, and these when considered with the values of 
FeO (after formation of normative magnetite) reflect the composition of the 
orthopyroxene present. The enderbitic rocks (No. 8 to 13) will be seen to have 
high FeO values in relation to MgO, which is consistent with the presence in 
them of ferrohypersthenes and eulites, while in the other rocks, a more mag- 
nesian orthopyroxene is indicated, most of them falling in the hypersthene 
range. 

Holland (1900, p. 149) has stated that the intermediate forms of charnoc- 
kite, which the writer regards as hybrid rocks, have a composition which would 
approximate to that of a mixture of norite (pyroxene granulite of writer) and 
charnockite in equal proportion. Analyses 14-17 in table 1 are of hybrid rocks. 
Analyses 17 is of a hornblende norite from St. Thomas Mount, Examination of 
thin sections and the hand specimen (9.660) has convinced the writer that this 
again is a hybrid rock. In fact, coarse charnockite with microperthite can be 
seen veining the pyroxene granulite in this specimen (plate 2, figs. 4, 5, 6). 


PLATE 2 

‘ig. 1 upper left. Ch 119—Garnetiferous sillimanite gneiss, crossed nicols « 9. 

‘ig. 2 upper right. Ch 209—Pyroxene granulite, plain light « 9 

‘ig. 3 center left. Ch 172—Norite, crossed nicols & 50. 

ig. 4 center right. 9.660—Hornblende Norite (7), Note pyroxene granulite (more mafic) 
and charnockite (less mafic) portions plain light « 9. 

ig. 5 lower left. 9.660—Do—Note the banded nature of rock due to intermingling of 

charnockite and pyroxene granulite plain light « 6. 
. 6 lower right. Microperthite (hair perthite) vein in pyroxene granulite (Specimen 

9,660) plain light « 60. 
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PLATE 3 


Large hand specimen from St, Thomas’ Mount showing alternating layers of charnoc- 
kite and pyroxene granulite. 


Analyses 18 and 19 are of typical pyroxene granulites, while 20 and 21 
are of norite and pyroxenite. Analysis 22 is that of khondalite, 23 that of a 
recrystallized facies of the same and 24 that of a leptynite. All the three rocks 
are characterized by very high silica, and consequent very high normative and 
modal quartz. Progressive increase in the alkalies can be noticed; the per- 
centages K,O and Na.O in No. 22 are 0.59 and 0.11, which increase to 1.26 
and 2.22 in No. 23, and 2.19 and 4.54 in leptynite, In the opinion of the writer 
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this indicates the recrystallization and reconstitution of khondalite during the 
emplacement of rocks of the charnockite suite, which contributed the alkalies. 

The trace element contents of some rocks, garnets and potash feldspars 
from the type area (Howie, 1955, p. 737, 747; Howie and Subramaniam, 1957, 
p. 576) are of interest, and are given in table 2. The garnets from the rocks of 
the charnockite suite (Nos. 5 and 6 of table 2) have identical assemblage of 
trace elements with close similarity in composition, while garnet from a 
pyroxene granulite (No. 7) has an entirely different trace element composition, 
the values for yttrium and cobalt being markedly different. The trace element 
distributions in garnets of leptynite khondalite, and recrystallized khondalite 
(Nos. 8, 9 and 10) are remarkably similar. The trace element distribution in 
rocks of the charnockite suite, hypersthene granites and enderbites (Nos. 12, 
13, 14 and 15 of table 2) is fairly similar, and differs from the trace element 
composition of leptynite (No. 11). It may be seen that the distribution of 
minor elements in these rocks lends support to the writer’s interpretations, but 
much additional data will be needed to draw any definite conclusions, 

Howie (1955, p. 748) has drawn attention to the high barium content of 
the potash felspars of charnockites, and the potash felspars in these rocks carry 
as much as 4,500 p.p.m. of barium, in an enderbite (see table 2, 1-4). Engel- 
hardt (1936, p. 187) has recorded the high BaO content of microperthitic 
charnockites, and correlated it with preferential enrichment in barium of 
potash felspar crystallized at high temperature. The mesoperthitic nature of 
potash felspars in enderbites of the charnockite suite, and their high barium 
content may be considered symptomatic of high temperature of crystallization 
of the magma which gave rise to the charnockite suite. 


CONCLUSIONS 

1. Charnockite is redefined as a hypersthene quartz felspar rock with or 
without garnet, characterized by greenish blue felspars and grayish blue 
quartz, the dominant feldspar being a microperthite. This redefinition is justi- 
fied as the para type (Charnock’s tombstone) is found to be garnetiferous, and 
this facies is prevalent in the type area. 

2. The term “charnockite suite” is suggested for a group of genetically 
related alaskites, charnockites (birkremite), enderbites and hypersthene-quartz 
syenites, all of which are partly garnetiferous. This will correspond to the 
‘Acid’ division of Holjand’s Charnockite Series. If it be considered desirable 
to retain the term Charnockite Series, it should be restricted to mean only the 
above suite of rocks, 

3. The ‘Intermediate’ division of Holland consists of an assemblage of 
hybrid rocks, derived by interaction of charnockite magma on pyroxene granu- 
lites of the basement. 

4. The occurrences of norite with related pyroxenitic layers and schlieren 
at Pammal hill and at a few other points in the type area are considered 
syntectonic lenses, unrelated to the charnockite suite. 

5. The ‘Basic’ division of Holland is largely made of pyroxene granulites 
and variants, whith are interstratified with quartzo-felspathic garnetiferous 
sillimanite gneisses (khondalite) . 
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6. The ‘Ultrabasic’ division of Holland is represented by the pyroxenitic 
schlieren referred in paragraph 4 above. 

7. Holland’s leptynite is considered a highly metamorphosed and recon- 
stituted facies of khondalite, referred in paragraph 5 above. 

8. The charnockite suite of rocks is thought to have been emplaced as 
thick sheets and lenses in gently folded basement rocks; all the rock units have 
subsequently suffered intense regional deformation. 

9. The charnockite suite of rocks and hybrid types are, as exposed at 
present, interstratified with the basement rocks with which they are structurally 
conformable. The rock units in the type area represent a series of tight isoclinal 
folds plunging gently to the north, and overturned to the west. 

10. The charnockite suite of rocks is considered of primary igneous 
origin based on the following lines of evidence: 

(i) The rocks carry mesoperthitic felspars which indicate their having 
consolidated at magmatic temperatures. 

(ii) The high barium content of the potash felspars in these rocks indi- 
cates high temperatures of formation. 

(iii) The occurrence of pyrrhotite as an accessory mineral also points to 
high temperatures of consolidation. 

(iv) The orthopyroxenes in these rocks show a systematic variation in 
composition. Some of them show lamellar structure while others show schiller 
inclusions, both of which are regarded as characteristic of igneous orthopy- 
roxenes, 

(v) The plagioclases in these rocks exhibit a rare complex twin law, 
which may be regarded as suggestive of a magmatic origin for these rocks. 

(vi) The rocks of the charnockite suite carry inclusions of older pyroxene 
eranulites, 

(vii) The absence of amphiboles in these rocks point to their consolida- 
tion at elevated temperatures. 

The writer feels that the reinterpretation presented will offer a satisfactory 


explanation for the almost universal association of charnockites with pyroxene 
granulites and leptynites. How far these ideas are applicable to charnockite 
rocks described from other Precambrian shield areas remains to he seen and 
will be discussed in a future communication. 
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Rocks of the Charnockite Suite 
Charnockite, Pallavaram, Madras; Anal. J. H. Scoon, (R. A. Howie, 1955, 
page: 732). 

Charnockite, Magazine Hill St. Thomas Mount, Madras; Anal, H. S. Wash- 
ington, (1916, page: 325). 

Charnockite, Tirusulam Hill, Minambakkam, Madras; Anal. J. H. Scoon, (R. 
A. Howie, 1955, page: 732). 

Charnockite, (G. S. I. 9.658) Anal. J. H. Seoon, (R, A, Howie, 1955, page: 
732). 

Charnockite, from quarry NW of Cowl Bazaar, Pallavaram, Madras; Anal. 
T. Katsura, Tokyo. 

Charnockite, (Hypersthene Quartz Syenite),—West of Hasanapuram quarry 
south of Pallavaram, Madras; Anal. T, Katsura, Tokyo. 

Charnockite (Hypersthene, biotite quartz syenite), Tattankunnu quarry be- 
tween the two rifle ranges south of Minambakkam Rly Station, Anal, T. 
Katsura, Tokyo. 

Enderbite, Pallavaram, Madras; Anal. R. A. Howie (1955, page: 732). 
Enderbite, small knoll south of mile 24.6, % mile WNW of Melkottaiyur; 
Anal. T. Katsura, Tokyo. 

Enderbite, northern slopes of Vandalur hill .563, in quarry East of Standard 
Motors factory; Anal, T. Katsura, Tokyo. 

Garnetiferous granulite (Reconstituted Enderbite), Tattan Kunnu quarry be- 
tween the two rifle ranges, south of Minambakkam Rly Station, Anal, R. A. 
Howie (Howie and Subramaniam, 1957, page: 572). 

Garnetiferous Enderbite, west of Hasanapuram quarry, south of Pallavaram, 
Madras: Anal. T. Katsura, Tokyo. KO, NasO, H.O+ and H.O- by R. A. 
Howie, (Howie and Subramaniam 1957, page: 572). 

Garnetiferous Enderbite, Pallavaram; Anal, R. A. Howie (Howie and 
Subramaniam, 1957, page: 572). 


Hybrid Rocks 
Hypersthene Quartz diorite (Hybrid rock), from hillock %4 mile NW of .321 
and % mile SSW of Tirunirmalai; Anal. T. Katsura, Tokyo. 

Hypersthene Diorite of the Charnockite Series, Pallavaram, Madras; Anal. 
J. H. Scoon, (R. A. Howie, 1955, page: 733). 

Hypersthene Diorite (Hybrid rock), mid point along ridge, W of Muvara- 
sanpattu, and % mile E of Tirusulam village, near Pallavaram, Madras; 
Anal. T. Katsura, Tokyo. 

Hornblende Norite (Hybrid rock ? re-examination of specimen 9.660 shows 
it to be a pyroxene hornblende granulite veined by charnockite) NE of Maga- 
zine Hill St. Thomas Mount, Madras; Anal. H. S. Washington (1916, page: 
328). 


Basic Granulites 
Basic granulite inclusion in Ch 112 west of Hasanapuram quarry, south of 
Pallavaram; Anal, T. Katsura, Tokyo. 

Basic granulite, (Norite ?) Summit of Paravatta Hill, south of Mosque hill, 


Pallavaram, Madras; Anal. T. Katsura, Tokyo (Howie and Subramaniam 
1957, page: 572 


Pyroxenite and Norite 
“Bahiaite”, (Hornblende hypersthenite) , “Pammal Hill, Pallavaram, Madras; 
Anal. H. S, Washington (1916, page: 332). 


Norite from SE flanks of .265 Pammal Hill % mile WSW of Pammal village, 
Madras; Anal. T. Katsura, Tokyo. 


Khonalites and leptynite 
Khondalite, northern end of Pachaimalai Hill .360; Anal, T. Katsura, Tokyo 


(Howie and Subramaniam, 1957, page: 572). 
Recrystallized Khondalite, near contact with charnockite, south of Oddapalai- 
yam; Anal. T. Katsura, Tokyo (Howie and Subramaniam 1957, page: 572). 


Garnetiferous Leptynite (G. S. I. 9.665, Holland 1900, p. 173) Pallavaram, 
Madras; Anal, R, A. Howie, 1955, page: 732). 
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THE SOLUBILITY OF CALCITE 
IN CARBON DIOXIDE SOLUTIONS 


A. J. ELLIS 


Dominion Laboratory, Department of Scientific & Industrial Research, 
Wellington, New Zealand 


ABSTRACT. The solubility of caleite in water is reported for temperatures between 100 
and 300°, at partial pressures of carbon dioxide ranging from 1-40 atmospheres. Values 
for the solubility product and the free energy of solution of calcite are derived, 

From a study of the kinetics of solution of a single calcite crystal at these tempera- 
tures the Arrhenius energy of activation was found to be very low. The rate determining 
step is suggested to be a diffusion or desorption process. 


INTRODUCTION 

There has been no systematic study of the solubility of calcite in water at 
temperatures over 100°, although two single observations have been noticed. 
Miller (1952) referred to a communication from G, C, Kennedy in which the 
solubility of calcite in water at 300° was stated to be less than that of quartz. 
Morey (1953) found that the solubility of calcite at 500° in a solution con- 
taining 7 percent of carbon dioxide and at 15000 p.s.i. total pressure was 
0.094 percent (wt.). 

Miller (1952) reviewed the existing data on calcite solubility below 100° 
and presented a consistent set of results from 0-105° at pressures of carbon 
dioxide from 1-100 bars, but in the consideration of many hydrothermal and 
metamorphic processes it is desirable to have solubility data for calcite at much 
higher temperatures. 

There has been at least one suggestion (White, 1957) that the solubility 
of calcite may reach a minimum a little above 100°. 

The solubility of calcite in water at various partial pressures of carbon 
dioxide is reported below. In obtaining this information, the results for the 
solubility of carbon dioxide in water from an earlier paper (Ellis, 1959a) are 
utilized, 


EXPERIMENTAL METHOD 


The solubilities were determined in a stainless steel bomb of approximate- 
ly 104 ce capacity, using a single natural clear calcite crystal of approximately 
2 grams weight. The crystal was from the Otago University Geology Depart- 
ment, Cat. No. 6367, and its source was Cumberland, England. 

A spectrographic analysis of a portion of the crystal was completed by the 
Dominion Laboratory, Wellington, New Zealand, and is reported in table 1. 


Tanie 

Constituent Wt. % Not Detected 
Mg 0.05 Zn, W lessthan = 0.05% 
Fe 0.4 Bi, As, Sb. lessthan 0.01% 
Ba 0.01 Ni, B, Ga, Sn. ) ro 
Sr 0.003 Ph, U, Ge, Mo, Ca) —-Fessthan 0.005% 
Ti 0.03 
Cu less than 0.01 
Al less than 0.01 
Mn less than 0.005 
Na less than 0.1 


less than 0.01 


i 
3 
> 
ak 
Ge 
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Si i 
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It is considered that these impurities would not be sufficient to influence 
the solubilities reported, 

A known quantity of distilled water was placed in the bomb, and the 
weighed crystal was contained in a wire cage attached to the inside of the 
bomb-head. The closed bomb was connected to a valve and evacuated to the 
pressure of saturated water vapor at room temperature (70°F). The evacuated 
bomb was then attached to a carbon dioxide cylinder and a Bourdon gauge, 
and after flushing air from the lines, the gas-space in the bomb was quickly 
filled with carbon dioxide to a measured pressure. Only a few seconds were 
necessary for the pressure to reach a stable value. It was found that with the 
carbon dioxide source turned off, the rate of solution of carbon dioxide as 
shown by the fall in pressure on the gauge was very slow. The amount of car- 
bon dioxide contained in solution after the few seconds required to obtain a 
steady pressure reading would be insignificant compared with the quantity in 
the gas phase. 

The bomb was placed in a vertical position in a 3-foot electric tube fur- 
nace and the water and carbon dioxide allowed to come to equilibrium for 24 
hours, with the calcite crystal in the gas phase. After this time, the furnace, 
which was attached to a pivoted cradle, was inverted so that the liquid phase 
in the bomb came into contact with the calcite. The time allowed for equilib- 
rium between solid and solution was about 24 hours at 300°, and up to a week 
at 100°. A separate study of the kinetics of solution is reported below. 

At the finish of a run the furnace was again inverted, and with the crystal 
in the gas phase, the bomb was removed from the furnace and quenched in 
cold water. The crystal was again weighed to obtain the amount dissolved. 

The weighings were completed on a microbalance as the amounts dis- 
solved at 300° were of the order of milligrams, A standard technique of wash- 
ing, drying and weighing the crystal was used and the weighings were 
reproduceable to within a few micrograms. The Bourdon gauges used were 
calibrated by the vapor pressure of water at various temperatures (Keenan 
and Keyes, 1936). Temperatures were measured by chromel-alumel thermo- 
couples and the temperature gradient along the bomb was not greater than 1°, 
The temperature indicated by the thermocouple at the head was recorded, Be- 
tween each run the bomb was rinsed with dilute hydrochloric acid, and tap 
water run through it for several hours. 

After the first three runs, chipping of the crystal was not important, In 
fact, the properties of the crystal in this respect were so good that the one 
crystal was used throughout the work. The solutions from the bomb were clear 
and free from corrosion products, The carbon dioxide used was found not to 
contain any mineral acid impurities. 


THEORY, AND CALCULATION OF RESULTS 


The following equilibria are important in discussing calcite solubility, 
CaCO, (cryst.) = Cat *(soln.) + CO,”(soln.) (1) 
CO,” (soln.) + H,O(1) + CO.(g) = 2HCO,’(soln.) (2) 

Equilibrium (1) can be expressed by the solubility product of calcite 
P = (Cat++) (CO,”) (3) 
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(Rounded brackets indicate activities of ions, square brackets indicate con- 
centrations). 

Equilibrium (2) was discussed in a previous paper (Ellis, 1959b) by 
use of the equilibrium constant K, where K, and Ky, are the acid dissociation 
constants of carbonic acid (H,CO,), and the bicarbonite ion respectively, and 
K, is the equilibrium constant for the hydration equilibria CO. + H,O0 = 
H.CO.. 


(CO;”) . fo, K, 

(HCO,’)* K,.K..B (4) 
At constant temperature in dilute solutions the water activity can be taken 
as constant and equal to that of pure water. If liquid is taken as the reference 

state for water the equilibrium constant K’ may be defined. 
K’ . (5) 

K, 

With the range of temperatures and carbon dioxide pressures used in this 
section the ratio of (CO,”)/(HCO,’) calculated from equations (4) or (5) 
was not greater than about 0.0002. Therefore the proportion of dissolved 
calcite present in solution as carbonate ions can be neglected in this discussion. 


If it is assumed that [Ca++] 1% [HCO,’] then from equations (3) 
and (5) the following relationships hold. 
4 K,.(Cat++)?.y 
) 


K,.(Cat++) y_? 
K,.K,.B.foo,. 7+°-fn,0 


and P 


where y, and y— are the ion activity coefficients of the calcium and bicar- 
bonate ions respectively. 


The product K,.Ky.f,,o can be replaced by K,’, where the latter is the 
apparent acid dissociation constant of the mixture (HO + CO.). This ap- 


proximation was discussed in a previous paper (Ellis, 1959b) on the system 


P.K,’ B.feo, 
y 
P.Ki’.B.poo,. aco 

1K.. 


Then P 


or [Ca++] 


Pco 


[Cat *] is the solubility of calcite in moles per 1000g water and ayo, is the 
fugacity coefficient of carbon dioxide. 


4 
i 
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At constant temperature, with minor variations in peo, , y can be expected 


to remain approximately constant. A proportionality between the solubility of 
calcite and the cube root of peo, should therefore be apparent in the results, 
This proportionality was actually found to exist over a wide range at lower 
carbon dioxide pressures in the present results. 

The method of obtaining the solubility from the loss of weight of the 
crystal is given by the example below. 

Vapor densities of carbon dioxide were taken by interpolating data re- 
ported by Sweigert, Weber, and Allen (1946), and steam densities and pres- 
sures were taken from Keenan and Keyes (1936). 


Bomb volume (70°F) = 104.9 ce 
Water added (70°F) =493¢g— 49.4cc 
Initial CO, pressure in vapor space = 150 p.s.i.a. 
Density COz (70°F, 150 p.s.i.a.) = 0.01982 g/cc 
added to bomb = 0.0250 moles 
Volume of liquid, 202° = 56.6 cc 
Vol. vapor (Bomb vol. 202° is 105.4 cc) = 48.9 cc 
Water in vapor 202 = 0.399 g = 0.02217 moles 
Water in liquid 202 = 48.9 g = 2.714 moles 
Ratio, wt. water liquid/wt. water vapor == 3226 
Coefficient A for CO-water, 202° == 3.7 x10" 
Moles COz in liq./moles CO2 vapor = 0.452 
Moles COs in liquid = 0.00778 
Moles CO2/1000g liquid water = 0.1591 
Vapor pressure water 202° = 15.99 at. 
Poco, = = 12.4 at. 
Wt. of calcite dissolved = 4.41 mg 
Solubility = 0.902 moles/1000g liq. water 
Corrected to = 12 at. 


Solubility — 0.89 moles/1000g H.O 


Four series of experiments were completed with partial pressures of car- 
bon dioxide at approximately 1, 4, 12, and 60 atmospheres. For the series at 
approximately 12 atmospheres the volume of the bomb at 20° was 104.9 cc, 
but for the other three series a bomb of 104.0 ce capacity was used. Corrections 
to the capacity for the expansion of the metal with temperature were applied. 
The volume of the calcite crystal is allowed for in the figures given above. 


RESULTS 

Table 2 and figure 1 give the experimental values of calcite solubility over 
100°. There is sufficient detail given in table 2 to enable the solubility figures 
to be corrected should improved data on the system CO,.—H.O become avail- 
able. As [Ca++ ]® is approximately proportional to poo, , a 6 percent error 
in Poo, for example causes only a 2 percent error in the solubility reported. 
The latter figure is about the accuracy of the loss in weight determinations at 
the highest temperatures. The concentrations given in the tables are in moles 
per 1000g of liquid water. 
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FIG. | 


CALCITE 
SOLUBILITY 
MOLES / 1000, WATER 


Poo, = la? 


100 150 200 250 


TEMPERATURE 


Fig. 1. The solubility of calcite in water up to 300°C at various partial pressures of 
carbon dioxide. 


Series A, Taste 2 

Bomb volume (20°C) 104.0 Water added 

Initial COs pressure in gas space (70°F) 14.7 p.s.i.a. 

Density CO. (14.7 p.S.La., 70°F) 0.001831 g/ee 
Total ¢ O. added 0.00227 moles 


[CaCO,] 
Corrected to 
Soly. [CaCO,] 
(m.g.) (x 10%) 

11.1 2.25 
8.63 
7.05 1.43 
6.71 1.36 

0,92 

0.665 
0.655 
0.580 
0.440 
0.363 
0.245 
0.221 
0.099 
0.086 
0.084 


toe 


0.640 
0.630 
0.557 
0.420 
0.347 
0.234 
0.211 
0.095 
0.083 


CNN 


358 
0.00 
OQO3 
Peo, Peo, = 62 ar. 
4 at. 
300°C 
ie 
O8 
114 
129 
4 131 
154 4 
173 
174 
182 
201 
217 
236 
241 
269 
281 
302 | 
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Series B. 

Bomb volume (20°C) == 104.0 ce Water added = 49.3 ¢ 

Initial CO, pressure in gas space (70°F) = 52.5 p.s.i.a. 

Density CO. (52.5 p.s.i.a., 70°F) = 0.006648 g/cc 
Total COs added = 0.00825 moles 


[CaCOs] 
Corrected to 
Poo, 4at. 

(x 10°) 


3.73 
2.29 
1.78 
1.55 
1.03 
0.855 
0.570 
0.455 
0.353 
0.256 
0.192 
0.095 


0.096 


Series 


Bomb volume (20°C) 104.9 ce Water added = 49.3 ¢ 

Initial COz pressure in gas space (70°F) = 150 p.s.i.a. 

Density CO. (150 p.s.i.a., 70°F) = 0.01982 g/ce 
Total COs added = 0.0250 moles 


[CaCOs] 
a Corrected to 
[CaCO] {CO.] Poo, = 12 at. 
(x 10°) 


eto ts 
wir 


whe 


~ 


— 
= 


ww 
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Soly. [CaCO,] Poo, (T°) 

(m.g.) (x 10°) (x 10°) (at.) 

Sima 98 17.6 3.57 4.20 3.50 

As 117 13.4 2.73 4.00 3.75 

130 1.1 2.26 4.15 3.85 
ae 146 8.7 ) 4.0 
153 7. 5 4.0 
171 4.1 
184 4.1 

aoe: 209 41 

222 4.2 

234 4.2 

252 4.3 

263 4.2 

295 4.1 

(m.g.) 
an 104 26.20 5.31 5.50 
| 119 19.35 3.93 4.00 

a 123 18.31 3.72 3.79 

ay 123 18.40 3.74 3.81 

4 132 15.32 3.11 3.15 

12.82 2.61 2.63 
151 11.04 2.24 2.25 

152 10.95 2.23 2.24 
es 158 9.43 1.92 1.92 
ee, 170 8.11 1.65 1.64 
190 5.62 1.15 1.14 
202 4.41 0.902 0.895 

mae 225 3.09 0.634 0.625 

240 2.35 0.485 0.480 

oo 256 1.72 0.357 0.353 

280 0.88 0.183 0.182 
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Series D. 


Bomb volume (20°C) = 104.0 ce Water added = 49.3 g 
. Initial COz pressure in gas space (70°F) = 605 p.s.i.a. 
5 Density CO. (605 p.s.i.a., 70°F) 0.1003 g/ce 


Total CO. added = 0.1245 moles 


[CaCOg] 


Corrected to 
Soly. [CaCOs] (T°) Pco, = 62 at. 


3. 0.680 
259 2.21 0.458 9.9 62.5 0.455 
4 275 1.46 0.304 10.5 61.9 0.304 
296 0.78 0.164 11.3 61.1 0.165 


The solubility figures from the present work can be compared with values 
interpolated from the results of Miller (1952). The agreement is very satis- 
factory for this type of experiment. 


TABLE 3 


Solubility of CaCO,, 100°C (moles/k.g. X 


Poo, (at.) 1 t 12 62 
Miller 2.1 3.9 5.7 8.4 
This work ye 3.6 5.8 — 


If values of [Ca** ]*/ poo, are extrapolated to very low gas pressures, the 
values of y° = P.K’,.B/4 K, can be obtained at any temperature. As calcite 
solubility will be extremely small at carbon dioxide pressures approaching 
zero, the fugacity coefficient ao, and the ion activity coefficients y, and y— 
can be considered as equal to unity. 

From knowledge of B, K,’, K*, and y°, approximate values of the solubility 
product P canbe obtained. Values of B, K,’, and K., were those used in a 


previous paper (Ellis, 1959b) on the system Na,CO,—NaHCO,—CO.—H.O. 
4 
Values of y 10"° 


100* 250 


93 J 0.049 
t 5000 1240 300 148 119 10.1 0.69 0.044 


12 5400 1710 400 154 165 10.1 0.71 0.046 
62 1600 1230 340 96 — 15.0 0.64 0.027 
Oly”) 4700 690 190 70 100 9.0 0.69 0.048 


* Miller's results. 


142 22.75 4.62 6.4 59.6 4.70 # 
174 13.77 2.80 7.3 61.5 2.81 
iy 175 12.59 2.56 7.3 61.7 2.56 ie 
180 11.72 2.39 7.6 61.7 2.39 ae 
182 11.31 2.31 7.6 62.0 2.31 : 
189 9.72 1.98 Ps 62.3 1.98 3 
195 8.91 1.82 7.8 62.6 1.81 mY 
201 7.66 1.57 8.0 62.7 1.55 ui 
205 7.09 1.45 8.1 62.7 1.43 i 
217 5.45 1.12 8.6 62.7 1.11 
227 4.42 0.908 8.8 62.9 0.905 , 
Poo. 25* 50* 
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50* 100* 100 150 200 250 
K:/K’; X 10* 1.05 1.30 1.32 1.26 1.26 1,19 1.35 1.4 
B x 10° 3.43 1.89 1.40 1.18 1.18 1.14 1.27 1.54 
Px 10” 58 19 ne 3.4 4.3 0.38 029 0017 
AG®, (k.cal./mole) 11.2 12.9 14.5 16.1 16.0 20.1 24.9 30.5 
* Miller's results. 


Table 5 shows values of P and also the standard change in Gibbs free 

energy AG’, for the solution process below. 
CaCO, (eryst.) — Cat* (soln.) + CO,” (soln.) 
4G. = = RT in P 

Frear and Johnston (1929) reported the value of P at 25° as 4.8 X 107°, 
which is rather lower than the value obtained from the extrapolation of Miller’s 
results, As Frear and Johnston included work at partial pressures of carbon 
dioxide much lower than one atmosphere, their value is preferred, Miller’s 
results at poo, = 1 at. do not appear to be as reliable as his values at higher 


pressures (see table 4). 


THE KINETICS OF SOLUTION OF A CALCITE CRYSTAL 

The rate of solution of a single calcite crystal was determined by use of 
the same apparatus and technique. The bomb was inverted and the calcite 
crystal allowed to remain in contact with the carbon dioxide solution for 
various times. The effects of varying the carbon dioxide pressure at constant 
temperature and also of varying the temperature at constant composition were 
examined, 

The solution of molecules from the surface of a solid resembles in many 
respects the escape of molecules from a liquid or a solid surface into a gas 
phase. Moelwyn-Hughes (1947) demonstrated that the velocity of solution is 
in general proportional to the difference between the actual and the saturated 
concentration of the solute. 

Where the amount dissolved from the crystal is very small as in the 
present example, the surface area of the crystal may be taken as being constant. 
For a simple “spontaneous-escape” mechanism (Moelwyn-Hughes) the rate of 
solution dn/dt, is then defined by the following equation 

dn/dt = k’ (n, — n) 
where n, is the saturation concentration in moles per kilogram of water. If 
t = O is the time at which solution starts this equation may be integrated to 
give the relationship 


The rate of solution of calcite in carbon dioxide solutions was found to 
follow this equation within the limits of error of the experiments. 


| 
| 
a 
] Ng 
t 
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or k = log —— 
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TABLE 6 
Constant Temperature 161° + 1°C 


Initial p 14.7 p.s.ia. 


Time (min.) cw n X 10° 
0.67 0.80 
1.40 0.80 
2.32 0.80 
1.58 


Initial p 605 p.s.ia. 


Time (min.) 
15 2.53 
30 1.79 
60 8.83 


Average k at 161 22 


The values of the rate constant k show an appreciable scatter, but they are 
not unreasonable considering the small quantities of calcite dissolved. Varia- 
tions could be caused by bubble formation on the crystal surfaces. 

The values of k are independent of the partial pressures of carbon dioxide 
in the range 1-60 atmospheres. The values of n and n, given in table 6 do not 
incorporate the various corrections allowed for in the equilibrium solubility 


n 
study as they do not affect the ratio : 
At a constant initial pressure of 52.5 p.s.i.a. carbon dioxide in the gas 
phase, the effect of temperature on the rate constant k was examined, 
TaBLe 7 
Time (min.) n 10! n xX 10 k x 10° 
0.98 3.6 1.09 
1.59 2.76 1.7 
0.79 1.98 a 
0.45 0.67 y 
0.50 0.66 
0.31 0.62 
0.45 0.34 
0.28 0.20 
0.18 0.14 
0.31 0.13 


As the values of k are not affected by variations in peo, , uncorrected 


values of n and n, are used again in table 7, An approximate value of the 
Arrhenius activation energy E, for the solution process was obtained from a 
plot of log k against | T’hK. 

k A. exp (- Ex RT) 
The value of Ey obtained was 2500 cals.. the limit of accuracy being about 
+ 500 cals, 


The mechanism of the solution process can be examined from a considera- 


362 
k x 10 
1.8 
2.0 
2.7 
Initial 52.5 p.s.i.a. 
n 10° n xX 10° k x 10° 
10 0.69 1.30 2.4 
32 1.67 1.30 19 i 
93 1.46 1.30 2.0 a3 
185 6.98 1.30 18 ‘ 
n 10 k 10° 
3.A5 2.2 
3.45 2.2 : 
3.45 21 
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tion of the above data. The fact that the values of k are independent of pco, 


rules out the reaction 

CO,” + H+ —> HCO,’ 
as being rate determining. Moelwyn-Hughes (1947) considered that this was 
the rate determining step in the reaction of calcite with dilute hydrochloric 
acid solutions. 

The overall reaction rate may be controlled by the rate of diffusion of 
calcium ions through a saturated solution layer built up about the calcite 
crystal. However the activation energy is rather low for the rate of solution to 
be a diffusion controlled process. For this, Ey is expected to be about 4500 
cals. at 25° (Moelwyn-Hughes, 1947) and it will not vary greatly with tem- 
peratures up to at least 100°. 

As the activation energy is low it is also unlikely that the process 

CaCO, (cryst.) Ca**(soln.) + CO,” soln.) 
is rate determining. For this, E, could be expected to be comparable to the 
lattice energy of calcite, which is about 615 k.cal./mole (Oke, 1936). 

Ferrari and Sessa (1937) suggested that the rate determining step in the 
solution of calcite in dilute mineral acids was the adsorption of hydrogen ions 
on to the crystal surface. The low energy of activation is consistent with an 
adsorption or desorption process but it is unlikely to involve hydrogen ions. 
Desorption of calcium ions is possibly rate determining. 


SIGNIFICANCE OF THE RESULTS 

The solubility minimum for calcite about 150° suggested by White (1957) 
was found not to exist. The solubility of calcite decreases steadily with in- 
creasing temperature, and at the lower critical end-point of the system about 
374° it is likely to be less that 10~° m for partial pressures of carbon dioxide 
in the range 1-100 at. 

The value of 9.4 X 10~* m for the solubility of calcite at 500° and 15000 
p.s.i, total pressure in a 7 percent carbon dioxide solution (Morey, 1953) 
suggests that the solubility of calcite increases slightly at temperatures above 
about 400°, but this single result needs confirmation. 

Discussion of a minimum in solubility once the lower critical end-point of 
the system is exceeded also has little meaning unless the effects of changing 
the three variables, poo,, p20, and T are observed separately. 

The solubility results suggest that the recrystallization of limestone in 
nature will proceed most efficiently at low temperatures and high pressures. 
Temperature has a small effect on the rate of solution. 

The pH of many natural hydrothermal solutions is controlled by the buffer 
system H.CO,—NaHCO,. The precipitation of calcite is usually caused by the 
loss of carbon dioxide from the system when the hot solutions come sufficiently 
close to the surface to boil continuously at pressures close to atmospheric pres- 
sure. Molecular carbon dioxide is lost first from solution, then as the partial 
pressure of carbon dioxide decreases, the decomposition of bicarbonate ions 
becomes appreciable. 

2HCO/ — CO,” + CO, '+ H.O 
In the natural hydrothermal area at Wairakei, New Zealand, the solutions 
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at depth are approximately 250° in the hottest parts explored, and contain in 
one liquid phase (Ellis and Wilson, 1955) concentrations of dissolved carbon 
dioxide (about 0.02 m), HCO,’ ions (about 6 X 10~* m), and Ca** ions 
(about 7 X 10~-* m). From a knowledge of the solubility of carbon dioxide, 
the effect of the separation of a steam phase on calcite precipitation can be 
examined. 

To obtain the results given in table 8, an adiabatic separation of steam 
was assumed with carbon dioxide distributed continuously in equilibrium be- 
tween the water and steam phases. Allowance was made for the concentration 
of the solution caused by loss of steam. 

An approximate value for the maximum hydrogen ion concentration for 
calcite precipitation can be obtained from the equation 


[H*] kK. [HCO,’] [Cat *]/P 


8 
% steam pH of water Minimum 
separation A in equil. pH for CaCO; 
T°¢ by weight x 10° with steam pptn. 
250 0 5.1 iz 
200 12 3.5 6.6 5.2 


0.94 7.3 


given by Ellis and Fyfe (1957), and those for the distribution coefficient A 
for carbon dioxide between steam and liquid phases, from Ellis (1959a), The 
percentage steam separation was obtained from Keenan and Keyes (1936) 
steam tables. 

The figures given are only semiquantitative as the activity coefficients 
of the ions have been neglected, but they show that the increase in solubility 
of calcite due to cooling as steam separates is not sufhcient to overcome the 
loss in solubility caused by removal of carbon dioxide. 

Calcite would precipitate at all stages of steam separation, As in a natural 
system, the carbon dioxide lost from solution would be greater than would 
correspond to the equilibrium distribution of carbon dioxide between water 
and steam phases, the pH of the liquid would rise more rapidly than is shown 
in the third column of table 8. The natural non-equilibrium conditions would 
therefore be more favorable to calcite precipitation. 
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A LATE-GLACIAL POLLEN SEQUENCE FROM 
MARTHA’S VINEYARD, MASSACHUSETTS 


J. GORDON OGDEN, Il 


Department of Botany, Ohio Wesleyan University, Delaware, Ohio 


ABSTRACT. The Wisconsin post-glaciation climatic and vegetational changes of New 
England have been established in northern Maine, central Massachusetts, and southern 
New England by pollen-stratigraphic studies, Correlation of equivalent pollen horizons 
provides an internally consistent history of the climate and vegetation since deglaciation, 
Radiocarbon dates from specific horizons permit the correlation of the regional chronology 
with the glacial sequence in other parts of North America and Europe. 

Pollen analysis of a late-glacial sediment core from the island of Martha's Vineyard, 
Massachusetts includes the two major cold periods (corresponding to the Valders and Port 
Huron ice readvances in the Great Lakes region) recognized from other New England 
pollen diagrams. In addition, a third, older, cold period is recognized on Martha's Vine- 
yard, This cold time is correlated with the emplacement of the Buzzards Bay moraine five 
miles to the north of the core site. The pollen record during the period of ice advance 
that built the Buzzards Bay moraine shows an absolute minimum of total tree pollen (as 
low as ten percent) and indicates the presence of a number of high-arctic plants, at least 
one of which (Armeria sibirica, Turez.) is apparently restricted to true arctic tundra today. 

A change in the size-frequency distribution of pine pollen suggests that white and red 
pine pollen types replaced jack pine pollen types on Martha’s Vineyard approximately 
1000 years before a similar change was recorded in central Massachusetts. 


INTRODUCTION 

The basis for correlation of pollen records with glacial events is essentially 
a reconstruction of environments in the vicinity of glaciers, That is to say, at 
increasing distances from a glacier’s margin, various types of plant associations 
can be found. Near the ice only those plants which can withstand the extremely 
rigorous conditions of sustained cold, freezing, high winds, and poor soil can 
survive. Farther away spruce parks and spruce-fir forests can be found, Still 
farther away the boreal coniferous forest changes from spruce and fir to pine 
forest, which in turn gives way to deciduous trees. This sequence can be pic- 
tured as a graph with latitude as one coordinate and the vegetational elements 
placed along the other. Pollen stratigraphy has amply proved that for a par- 
ticular latitude such a sequence is also historical, so that depth (and therefore, 
time) can be substituted for the latitude coordinate. 

Sediment borings in southern New England illustrate this climatic and 
vegetational succession. Reading the time sequence backward, we find that the 
surface and upper sediments of this area show a striking predominance of oak 
pollen, which is replaced by the pollen of pine at deeper levels. Below the pine 
zone can be found the pollen of spruce and fir, and at the base of the spruce 
zone the pollen of plants whose modern equivalents have an arctic or alpine 
distribution can be found. 

It was this general sequence to which Deevey gave zone names in 1939, 
The basal spruce-fir pollen sequence was named zone A, the pine zone was 
given the letter B, and the upper or oak zone was termed zone C, The C zones 
could be subdivided in most cores into C1, C2, and C3, and are characterized 
respectively as Oak-Hemlock, Oak-Hickory, and Oak-Chestnut. This is recog- 
nized as the typical New England postglacial sequence, and has been confirmed 
and expanded by Deevey (1943, 1949, 1951, in press), Leopold (1955, 
1956b), and Davis (1957). 
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For many years, pollen analyses of sediments within the glaciated regions 
of North America persistently failed to reveal the arctic, or tundra phases of 
vegetation that would be expected near the base of sediments whose deposition 
depended upon the retreat of glacier ice. Numerous explanations have been ad- 
vanced to explain the apparent absence of tundra evidence from pollen dia- 
grams (Auer, 1928; Deevey, 1951; Lewis and Cocke, 1929; Sears, 1948). 
Sears (1948) suggested that the presence of stagnant ice could prevent either 
the formation of sedimentary basins or the accumulation of sediments in them, 
and Deevey (1951) pointed out that residual ice blocks, buried in outwash, 
might not melt for a relatively long period of time. Sears further pointed out 
that in the early stages of lake development there would be a very high pro- 
portion of inorganic material in the sediments, which in the absence of methods 
for concentrating the pollen would make pollen analysis very difficult, It was 
not until 1951, in fact, that something like tundra conditions were reported 
from North American sediments, Deevey (1951) was able to show the existence 
of late-glacial conditions analogous to those found at the base of similar deposits 
in Europe. These borings, from Aroostook County, Maine, constitute the first 
evidence of tundra or open-country conditions in North American pollen dia- 
grams. 

Later investigations by Andersen in Michigan (1954), Leopold in Con- 
necticut (1955, 1956b), and Davis in central Massachusetts (1958) have con- 
firmed and amplified the initial findings of Deevey. The earlier practice of 
discontinuing a boring when inorganic layers were reached has been modified 
in favor of attempting to drive further into the sediments until till or gravel is 
reached. With improved laboratory techniques, involving digestion of the in- 
organic matrix with mineral acids, or flotation in liquids of sufficient density to 
float pollen but not mineral components, it has become quite routine to ex- 
amine samples from highly inorganic deposits. A further difficulty of the 
earlier investigations was a failure to recognize the importance of nonarboreal 
pollen in characterizing periglacial environments. 
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WISCONSIN GLACIAL GEOMORPHOLOGY 

Martha’s Vineyard is the largest of a group of islands located south and 
west of Cape Cod, Massachusetts in approximately Latitude 41°25’ N., Longi- 
tude 70°30’ W. Shaler (1886) was the first to recognize the glacial origin of 
the islands. He suggested two periods of glaciation as a result of his studies on 
Martha’s Vineyard, Nantucket, and Cape Cod, Woodworth and Wigglesworth 
(1934) subdivided the glacial period in New England according to the stand- 
ard section of four glaciations then recorded in the Mississippi Basin, Studies 
on the glacial geology of Long Island, (Fleming, 1935; MacClintock and 
Richards, 1936) prompted these authors to correlate the morainal deposits of 
Long Island with similar deposits on the offshore islands and Cape Cod to the 
east, and with the Mississippi Basin stages to the west. 

Two recent syntheses of the glacial history of southeastern New England 
are available (Flint, 1953, 1957; Hyyppa, 1955). All of the surface features 
are considered to be of Wisconsin age. The outermost moraines (fig. 1, 1) form 
the offshore islands of southern New England, e.g., Long Island, Block Island, 
Martha’s Vineyard, and Nantucket. This morainal system is recognized as the 
Ronkonkoma on the southern side of Long Island, and as the Vineyard-Nan- 
tucket moraine to the east. The inner belt of moraines can be traced as the 
Harbor Hill moraine on the northern shore of Long Island, across to the south- 
eastern shore of Connecticut and Rhode Island where it is known as the 
Charlestown moraine. The moraine is transected by Naragansett Bay and 
Buzzards Bay and emerges to form the Elizabeth Islands and the western shore 
of Cape Cod. This part of the morainal system is known as the Buzzards Bay 
moraine. The eastward extension of this segment is recognized as the Ellisville 
and Sandwich moraines, forming the upper and eastern Cape area. Both the 
outer and inner morainal belts extend eastward beneath the sea as George’s 
Bank. 

The exact date of these moraines is unknown, That they are older than 
12.800 years is certain since they antedate the deposition of the earliest organic 
sediments at Totoket, Connecticut (Deevey, in press). There is some reason to 
think that the ice sheet which built the outer moraines did not retreat very far 
before readvancing to build the inner moraines. Pollen evidence to be con- 
sidered later and the fact that there is no notable unconformity or erosional 
surface between these deposits support this hypothesis. 

The retreat of the Harbor Hill-Charlestown-Buzzards Bay-Sandwich ice 
was marked by halts, none of which are recorded by moraines or clear-cut till 
borders, A halt in the retreat of the ice near Middletown, Connecticut is in- 
ferred from pollen evidence (Leopold, 1955, 1956b). The ice border indicated 
by the line labeled II in figure 1 between Middletown, Connecticut and Lexing- 
ton, Massachusetts has not been traced in the field, however. 

The retreat of the ice from this position was apparently rapid, and released 
much of New England from glacier ice. Another halt in the retreat of the ice 
sheet is inferred from pollen diagrams, most convincingly in Maine, but also 
from Connecticut and Massachusetts, Radiocarbon dates from pollen-dated sec- 
tions suggest that this late ice stand (fig. 1, IIL) is correlative with the Valders 
readvance in Wisconsin, and that the earlier Middletown-Lexington stand 
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_ Fig. 1. Location of late-glacial deposits in New England and spruce pollen oscilla- 
tions. Pollen curves roughly to scale. 
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(fig. 1, IL) is correlative with the Port Huron readvance in Michigan (Deevey, 
in press). 


LATE-GLACIAL SEDIMENT CORES AND SPRUCE POLLEN OSCILLATIONS 
IN NEW ENGLAND 

If the Wisconsin glaciers had retreated uniformly and without pauses or 
readvances from their southernmost positions, the analogy between modern 
plant distributions and the fossil record in pollen profiles would be very good. 
The glaciers, however, did not retreat uniformly or continuously as the various 
morainal deposits and till borders in New England and elsewhere show, The 
pauses and readvances of the glacier margin are reflected in the pollen dia- 
srams from this region. Figure 1 shows the location of sediment cores in New 
England from which evidence of arctic or tundra vegetation has been recovered. 
The boring in Aroostook County, Maine, (1), was made by Deevey (1951) ; 
the borings in Connecticut, at Durham (3) and Totoket (4) by Leopold, 
(1955, 1956b); at Athol, Massachusetts (2), by Davis (1958); and on 
Martha’s Vineyard (5), by the author. 

The spruce curves shown in the lower half of the figure summarize, in 
a very general way, the climatic changes suggested by the pollen records from 
these deposits. The sensitivity of spruce to climatic fluctuations was suggested 
by Sears (1948). In brief, spruce maxima in the vicinity of active ice can be 
considered as evidence of a warming climate, whereas at greater distances from 
an ice front, spruce maxima can be considered to indicate a cooler (or moister ) 
climate. This apparent inconsistency is resolved by remembering the nature of 
the pollen other than spruce; within or between times dominated by nonar- 
boreal pollen and considered to represent tundra-like conditions, an increase of 
spruce pollen heralds advancing forest, whereas, during a warmer time of ex- 
tensive forests, including pine and some hardwoods, a rise of spruce pollen 
indicates cooling and a reversal of the normal sequence. 

The rising spruce curve in pollen zone VI (fig. 1, no. 5) reflects the warm- 
ing climate that accompanied the retreat of the ice from the Vineyard morainal 
position. The maximum in zone V2 and the falling spruce curve in V3 reflect a 
“warm maximum” and subsequent cooling as the ice returned to build the 
Buzzards Bay moraine five miles to the north of the core site. This event is in- 
dicated by the absolute spruce minimum in zone V4 of this diagram. 

As the ice retreated from the Buzzards Bay position, the gradual increase 
in spruce pollen shown in pollen zone Tb to the maximum shown in zone Ta 
probably reflects the gradual warming of the climate and the advance of spruce 
trees to the vicinity of the core site. The retreat of the Buzzards Bay-Harbor 
Hill ice mass uncovered the Totoket, Connecticut site (4), The increase in 
spruce pollen shown in zone T1 to the maximum shown in T2 at Totoket is 
climatically analogous to the V1-V2 sequence on Martha’s Vineyard. A return 
to colder conditions is indicated by the T3 spruce minimum at Totoket. The 
stratigraphic equivalence of the T zones on Martha’s Vineyard and at Totoket 
must remain largely conjectural. If a change in climate did in fact cause a halt 
in the retreat of the ice somewhere near the Middletown-Lexington Line, it 
seems quite reasonable that a climate too cold for spruce at Totoket could sup- 
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port spruce parks on Martha’s Vineyard. In any event, the spruce minima 
shown as zone T3 at Totoket and as Al on Martha’s Vineyard suggest dis- 
tinctly colder times than those before. 

The A2 spruce maximum is a recognizable stratigraphic marker in all 
postglacial sections from southern New England. The A3 spruce minimum il- 
lustrates the second part of Sears’ 1948 observations, that the climate continued 
to warm as the ice retreated, and the pollen of spruce was replaced by the pol- 
len of more warm-temperature forest types, such as pine and oak, The small 
spruce maximum shown as pollen zone A4 from Martha’s Vineyard suggests a 
return to cooler or moister conditions. 

The A4 spruce maxima in southern New England deserve brief attention, 
for a gradient can be distinguished in the pollen data from these cores, The 
slight increase in spruce pollen on Martha’s Vineyard may be contrasted with 
the large maximum at Athol, Massachusetts, and the minimum shown in the 
Aroostook, Maine data. The climate of L3 pollen time in Maine was too cold 
for spruce, but further south it caused a marked increase in the pollen per- 
centages of spruce. In other words, what was too cold for spruce in Maine was 
apparently ideal in central Massachusetts. 

It should now be apparent that the L zones of Maine, the T zones of 
southern Connecticut, and the V zones of Martha’s Vineyard, all record an 
oscillation in climate from cold to warm to cold again. From radiocarbon data 
(Deevey, in press) and stratigraphic considerations, the L3 cold time in Maine 
has been correlated with the Valders readvance in Wisconsin. The stratigraphic 
equivalents of zone L3 in Maine are the A4 zones of southern New England 
cores. Similarly, the T3 cold time shown in the Totoket, Connecticut core sug- 
gests a halt in ice retreat correlative with the Port Huron readvance in Mich- 
igan. Further, the pollen data strongly suggest that the ice border during T3 
time must have been north of Totoket, Connecticut and somewhere between 
Durham, Connecticut and Athol, Massachusetts. The evidence for this inference 
is the fact that there are no pre-A2 late-glacial oscillations apparent in the 
Durham or Athol diagrams. From an initial period of low AP (arboreal pol- 
len), the pollen data indicate a successional increase in forest vegetation with- 
out any return to cold-climate conditions corresponding to the T1-T3 sequence. 

From the foregoing discussion, it can be seen that Martha’s Vineyard, 
Massachusetts is unique in that it is the only area from which a sediment core 
has yet been analyzed that is south of an extensive morainal system, The re- 
mainder of this paper is devoted to a discussion of the late-glacial environment 
of Martha’s Vineyard. 


PRESENT VEGETATION OF MARTHA’S VINEYARD 

The present vegetation of Martha’s Vineyard is entirely second-growth 
and in some stage of reforestation following clear-cutting. The island has had 
a long colonial history and a considerable record of pre-historic Indian occupa- 
tion. The postglacial pollen record and evidence of occupation will be the sub- 
ject of another paper. For the present purposes, it is sufficient to note here that 
there are no forests on Martha’s Vineyard today, Only a few of the better 
woodlands, composed principally of oak (Quercus alba, white oak and Q. velu- 
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tina, black oak), hickory (Carya glabra), beech (Fagus grandifolia), gum 
(Nyssa sylvatica), and sassafras (Sassafras albidum) support any extensive un- 
derstory, such as dogwood (Cornus florida) or holly (/lex opaca). By far the 
greater part of the island is covered by a scrub woodland of oak and pine 
(Quercus alba and Q. velutina, Pinus rigida). Abandoned fields are usually 
recognized by stands and isolated trees of juniper (Juniperus virginiana) and 
more or less dense stands of honey locust (Robinia pseudoacacia). The upland 
woods contain a considerable admixture of white and grey birch (Betula 
papyrifera and B. populifolia) with thickets of quaking aspen (Populus tremu- 
loides) in the clearings. Over most of the island the woodland floors are char- 
acterized by a singularly depauperate flora, principally blueberry (Vaccinium 
atrococcum and V. corymbosum) and huckleberry (Gaylussacia baccata) in- 
terspersed with thickets of bayberry (Myrica pennsylvanica) and poison ivy 
(Rhus radicans). 

In the vicinity of Duarte’s Cranberry Bog, where the core which forms the 
basis of this paper was taken, the vegetation is largely white and black oak. 
pitch pine, and some scattered trees of gum, sassafras, and beech, Most of the 
stems are multiple and diffuse, indicating heavy cutting or burning in the past. 

The cranberry bog is located in the Vineyard moraine about eighty feet 
above sea level and is approximately 5.7 acres in extent. The basin in which 
the bog is situated is apparently a large compound kettle. A smaller basin to 
the east is approximately 4.5 acres in extent. The surface of the bog is covered 
with 30 to 50 em of sand fill to provide a substrate for the cranberry plantings. 
The weight of the sand and the draining operations incidental to building the 
bog have undoubtedly compressed and truncated the upper portion of the sedi- 
ments. 

The core recovered from this bog is 5.5 m long. The sediments, which are 
reported in detail below, suggest that prior to the building of the cranberry 
bog, this was a shallow lake with a sedge-bog margin. At a depth of 155 cm. 
the sedge peat is replaced by a moderately compact, decomposed woody peat. 
This apparently reflects a time of lowered lake level. during which trees covered 
the surface of the bog. The borer passed through one log, about 5-6 inches in 
diameter, and a considerable number of wood samples were recovered. Pre- 
liminary tests, using the Maule reaction (Jane, 1956) indicated that all of the 
wood tested was angiospermous, a fact which precludes the possibility that this 
has been a Chamaecyparis bog. The presence of the woody peat suggests that 
this was the end of the “normal” sequence of lake filling and swamp forest 
formation (Deevey, 1945). Regeneration of the lake was undoubtedly caused 
by a rise in regional ground water levels and may be related to the postglacial 
rise in sea level in this area. 

Stratigraphy of the Sediments. Duarte Cranberry Bog 
QOcm Top of organic sediment, bottom of sand fill; top of core 
probably truncated by drainage and sand fill 
-155em Sedge peat: lake mud mixed with roots and leaves 
155-255 em Woody peat: coarse fibrous at top, homogeneous below 


255-428 em Gyttja; silty inclusion 355-375 em 
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428-436 em Bluish silt; fragments sharply angular (Loess? ) 

436-465 em Medium sand and silt 

165-488 em Yellow clay, high in reduced iron; contains lenses of or- 
ganic material (contorted? ) 

488-550 em Sandy slay-gyttja and silt; contains contorted lenses of or- 
ganic material 


The contorted lenses of organic material in the lower sandy clay-gyttja 
(488-550cem) suggest the possibility of solifluction during or following their 
deposition, Because of the small core sample size (2.5 cm diameter), it is not 
possible to determine whether the dislocations in the clay-gyttja are post- 
depositional or contemporaneous with the deposition of the sediments, 

The yellow clay layer (465-488 cm) is associated with the emplacement 
of the Buzzards Bay moraine from pollen-analytic evidence to be considered 
later. If the dislocations in the lower clay-gyttja are contemporaneous with the 
deposition of these layers, this is further evidence to support the inference that 
the ice retreat which uncovered the Duarte site did not extend very far to the 
north before readvancing to the Buzzards Bay position. 

The sand and silt overlying the clays probably represent the retreat of the 
ice sheet from the Buzzards Bay position to the Middletown-Lexington position, 
These inorganic sediments (436-465 cm) are apparently a mixture of slope- 
wash and wind-blown silt resulting from the rigorous climatic conditions in 
the vicinity of glacier ice. The silt (loess?) overlying the sandy layer may be 
a result of increased storminess associated with the return to colder climate in- 
dicated by pollen zone T3 of Totoket and Durham. 

The silty inclusion in the gyttja at 355-375 cm is located in the A4 pollen 
zone on Martha’s Vineyard. This silt may be of wind-blown origin and indi- 
cate increased storminess. The pollen data at this level imply a return to colder 
or wetter conditions. 

The Loss on Ignition values for this core are presented in plate 2, The 
data shown in pollen zones V,-V, are probably spuriously high, due to the fact 
that clayey sediments may retain appreciable quantities of bound water even 
after oven drying at 110-115°C. The sand and silt layers overlying the V zones 
are virtually devoid of organic material, with the exception of the pollen re- 
covered from them. 


LATE-GLACIAL CLIMATE AND VEGETATION OF MARTHA’S VINEYARD 

Materials and Methods.—The sediment core which forms the basis of this 
paper was collected with a modified Hiller borer (50 em tube, 2.5 em di- 
ameter). with the exception of two 25 em segments which were collected with 
a Davis peat sampler (25 cm tube, 2.5 cm diameter). The Davis sampler was 
used to penetrate sediments too stiff to permit operation of the Hiller borer. 
Core samples were wrapped in plastic in the field and kept under refrigeration 
until analysis in the laboratory. 

Pollen samples were withdrawn at 20-cm intervals as a first approxima- 
tion, Subsequent analyses were intercalated at 10-cm and finally, at 5-cm in- 
tervals, Volumetric aliquots of sediments were withdrawn by means of a stand- 
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ard porcelain spatula (1.0 cc). These samples were first sieved (screen mesh 
150u), then deflocculated in hot 10 percent potassium hydroxide, demineralized 
in 10 percent hydrochloric acid (first cold, then heated) and 48 percent hydro- 
fuoric acid (hot—6-48 hours) where necessary, acetolyzed (modified from 
Faegri and Iversen, 1950), and washed in hot 10 percent potassium hydroxide. 
Pollen samples were withdrawn by volumetric pipettes (0.01 ml) and mounted 
in basic fuchsin-glycerine jelly. 

Counting was done at 200x magnifications using apochromatic objectives. 
Critical identifications were made at 800x or 1930x (oil immersion). Identified 
specimens were tallied by traverses across a square cover slip (22 mm), starting 
with fixed coordinates. Specimens of unusual interest were sketched and the 
coordinates recorded for later relocation and reproduction by camera lucida or 
photomicrograph. The number of grains counted at each level ranged from 200 
to 600 grains, exclusive of spores and the pollen of aquatic plants. 

The data are presented in two diagrams, MV-7A (pl. 1) and MV-7B (pl. 
2). Inasmuch as the evidence for late-glacial conditions and the vegetation and 
climate implied by this evidence is the principal concern of this paper, only 
those sediments below the B or Pine zone of core MV-7 will be considered in 
detail. 

Diagram MV-7A (pl. 1) presents the pollen percentages of the major 
components of the sediment. The basis for calculation is the sum of all pollen 
(XP). exclusive of the pollen of aquatic plants and spores, Core depth in centi- 
meters is plotted at the extreme left and extreme right of each diagram, The 
stratigraphy of the sediments is indicated in both diagrams in column 2 and 
the pollen zones are shown in column 3. Pollen data are presented as shown in 
Faegri and Iversen (1950). The sum of arboreal pollen is indicated by the 
white area in the main block, the sum of shrub pollen by single hatching, and 
the sum of herbaceous pollen by double hatching, The solid circles denote per- 
centage points of pine pollen at each level, the open triangles represent spruce, 
and the straight line indicates the percentage of oak pollen. The saw-tooth 
curves in the central portion are plotted at the same scale as the tree-shrub-herb 
convention, and represent the percentage distribution of the genera and families 
indicated at the top of the diagram. Shading has been used wherever percent- 
ages exceed the space provided, but are otherwise at the same scale, The pollen 
curve for the “S Miscellaneous NAP” is broken down into its component parts 
in diagram M\Y-7B (pl. 2). The pollen scale of this diagram has been doubled 
to indicate more clearly the changes in the NAP components. Pollen of aquatic 
plants, spores, and miscellaneous microfossils are shown as the number of 
specimens per cubic centimeter of wet sediment. 

Redeposited pollen are shown as a percent of total redeposited pollen 
identified at the extreme right of diagram MV-7A. These are principally 
eroded, shrunken, and broken grains, chiefly betuloid, which are obviously al- 
locthonous, whether redeposited from older beds or merely washed in from the 
surrounding slopes, At no place in the core do they exceed 15 percent of the 
pollen sum. 

Pollen Stratigraphy.—The V zones of Martha’s Vineyard mark a pollen 
sequence that antedates all other pollen sequences yet recovered from New 
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England sediments. Although this eliminates the problem of ecological vs. 
chronological contemporaneity, it is also obvious that a regional vegetation 
cannot be reconstructed from a single core analysis. 

The rise in the spruce curve of pollen zone V1, and the maximum in pollen 
zone V2 probably represent the establishment of spruce forests from a spruce 
park-tundra type of vegetation following the retreat of the ice sheet from the 
Duarte site. As such it is analogous to the T,-T, and A,-A, spruce curves at 
Totoket and Durham, Connecticut respectively, and to the L,-L2 sequence in 
Maine. The decrease in the pollen contribution of spruce in pollen zone V3 un- 
doubtedly represents the cooling of the climate as the ice sheet readvanced to 
the Buzzards Bay position. 

There are at least two explanations for the pine maximum in late V3 time. 
The ability of pine pollen to travel for extremely long distances is well known 
(Erdtman, 1943, table 10, also text figure 15). The alternative possibility is 
that jack pine (Pinus Banksiana) actually grew in the vicinity of the core site 
and was able to continue contributing pollen during the decline of spruce. Most 
of the pine pollen recorded at these levels is less than 45 in diameter, which 
suggests the presence of the jack pine. Since jack pine is known to grow under 
conditions similar to that suggested by the pollen record of this time, it is quite 
probable that the apparent maximum is due to the fact that the total AP con- 
tribution declined as the climate cooled, boosting the apparent contribution of 
pine pollen. 

It was mentioned earlier in the discussion of the sediments of this core 
that the V zones of this core consisted of organic lenses in irregular and con- 
torted positions within the sandy clay-gyttja sediment body, It is probable that 
these represent solifluction, and for this reason the actual sequence of pollen 
spectra in the diagram may be duplicated or overturned within narrow limits. 
The general sequence is probably correct, that is low spruce, spruce maximum, 
falling spruce, and “tundra,” but the details between successive spectra may 
not be real. 

Pollen zone V4 and the emplacement of the Buzzards Bay moraine—The 
extremely rigorous climatic conditions implied by the pollen data of zone V4 
are correlated with the emplacement of the Buzzards Bay moraine five miles to 
the north of the core site. The evidence for this correlation is the extremely low 
pollen contribution of trees, as little as ten percent (pl. 1), and the occurrence 
of high-arctic herbaceous pollen in this zone. Grasses and sedges constitute 
sixty-two percent of the pollen sum in this zone and the distinct peaks in the 
pollen curves for composites, willows, and birches suggest an open and treeless 
vegetation. That this may in fact represent a true tundra vegetation is discussed 
in a later section, “the Tundra problem.” It is sufficient to observe here that 
the following pollen types are either restricted to, or have maxima in, pollen 
zone V4 (pl. 2): Armeria sibirica; Caryophyllaceae cfr. Arenaria groenland- 
ica; Dryas-type; Epilobium spp. Linnaea borealis; Polygonum cfr. bistorta; 
Sanguisorba cfr. canadensis; Saxifraga cfr. oppositifolia; Shepherdia canaden- 
sis; and Thalictrum spp. 

It is interesting and perhaps significant to note that the pollen curves for 
birch pollen greater than 21 in diameter (pl. 1) and less than 21 in diam- 
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Gyttja Silt 


Clay Sandy Gyttja 


Sand Sandy Clay 


Fig. 2. Explanation of sediment symbols, plates 1 and 2. 
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eter are closely parallel and of approximately equal magnitude in the V zones. 
Leopold (1956a) has shown that the mean size of the arctic dwarf birch, 
Betula glandulosa is 20.8,. It is reasonable to suggest from this evidence that 
not only was the arctic dwarf birch present, but that it may have been the pre- 
dominant birch species of this time. 

“T” zone pollen stratigraphy of Martha’s Vineyard.—The T zones on 
Martha’s Vineyard begin with the climatic amelioration that caused the retreat 
of the Buzzards Bay ice sheet. Assuming that the same ice sheet built the Har- 
bor Hill moraine of Long Island, the retreat of this ice mass uncovered the 
Totoket and Durham sites in Connecticut. The Ta sediments of Martha’s Vine- 
yard are therefore older than the T1 sediments at Totoket and the vegetation of 
Martha’s Vineyard during this time is neither chronologically nor ecologically 
equivalent to the T zone pollen stratigraphy at Totoket. Deposition of the T1 
sediments of Totoket could not begin until sometime after the ice sheet un- 
covered the site. At Martha’s Vineyard, on the other hand, the Duarte site was 
ice free and supported a vegetation prior to the uncovering of the Totoket site. 
A further difference in the sedimentary record of these two areas is that as the 
ice border uncovered the Totoket site, it was probably some tens of miles to 
the north of the Duarte site so that there would be a considerable difference in 
the climate and soils available for plant succession in the two areas. 

It seems probable that the gradual increase in total tree pollen through- 
out Ta time, composed principally of spruce, birch, and alder indicates a suc- 
cessional increase in forest vegetation. The pine maximum at the base of pollen 
zone Ta is anomalous in view of the fact that in the preceding pollen zone (V4) 
there were few, if any, trees in the vicinity of the core site. It is unlikely that 
pine, even jack pine (Pinus Banksiana) would be a pioneer in an environment 
similar to that suggested by the late V4 and early Ta sediments, If the pine 
maximum is disregarded, the spruce, birch, and alder increase is quite regular. 
These considerations make it seem probable that the early maximum in pine is 
the result of long-distance transport and was derived from trees growing further 
out on the Continental Shelf at this time. 

An increase in the amount of oak pollen recovered from pollen zones Ta 
and Tb may reflect the expansion of this tree toward the site from farther out 
on the Continental Shelf. 

The Tb zone of core MV-7, which is capped with a layer of aeolian silt, 
is probably stratigraphically equivalent to the T3 zone of Totoket. The spruce 
maximum and subsequent increase in NAP together with the presence of wind- 
blown silt, is entirely compatible with the climatic sequence which caused the 
Middletown-Lexington halt in ice retreat. 

“A” zone pollen stratigraphy of Martha’s Vineyard——The postglacial 
phase of New England pollen diagrams may be said to begin with the A zones. 
The geological event associated with this pollen stratigraphic division is the 
retreat of the glacier ice from the Middletown-Lexington position, Al time was 
quite cold and was characterized either by extensive spruce parks (as on Mar- 
tha’s Vineyard), or by park-tundra vegetation (Totoket and Durham, Connecti- 
cut), 


The Al pine maximum on Martha’s Vineyard is another departure from 
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the regional pollen chronology. As at the levels previously discussed, it is quite 
probable that the pine pollen is a result of long-distance transport, The herba- 
ceous pollen sum in the summary diagram (pl. 1) suggests that there was a 
considerable amount of herbaceous vegetation in the area. This would not be 
characteristic of a lake surrounded by a pine forest, but would be typical of a 
spruce-park vegetation. The small oak pollen maximum shown in this zone is 
probably also wind derived and need not represent the presence of oak trees in 
the vicinity of the deposit. 

The spruce maximum of pollen zone A2 probably represents the establish- 
ment of something like a closed spruce forest in the vicinity of the Duarte site. 
As such it is ecologically analogous to similar A2 spruce maxima in other parts 
of New England. The climate of A2 time was undoubtedly warmer than that of 
the preceding Al time. By the same reasoning, as the glaciers continued to re- 
treat, A3 time must have been warmer and probably drier than A2 time. 

The replacement of spruce pollen by pine pollen in zone A3 is quite gen- 
eral throughout New England pollen diagrams, as is the decrease in the pollen 
curves for birch and alder. The absolute minimum of total herbs suggests an 
extensive forest cover during this time. 

The maximum of spruce in pollen zone A4 in core MV-7A, and the cor- 
responding decrease in pine pollen suggest the cooling which is identified with 
the Valders ice readvance inferred from other New England pollen diagrams. 
There is a small but sharp increase in the pollen frequencies of alder and birch 
as well as fir, which suggests that the climate of A4 time was distinctly moister 
than the periods preceding or following it. The intercalation of some wind- 
blown silt in the lake mud of pollen zone A4 on Martha’s Vineyard suggests 
that this may have been a time of increased storminess. The sharp peak in the 
Isoetes curve (pl. 2) in this zone may be related to increased slopewash and 
the development of acidic soil conditions near the margins of the lake. 

The replacement of spruce by pine as a pollen dominant marks the A4/B 
pollen zone transition in southern New England pollen diagrams, The exact 
meaning of the remarkable pine pollen maximum which characterizes the B 
zone of all New England pollen diagrams is not entirely clear. It is quite prob- 
able that this represents the actual arrival of pine forests to the vicinity of the 
core sites, Spruce could be expected to “hang on” in the moist lowlands and 
bog margins, but its pollen contribution would be swamped by the enormous 
pollen productivity of pine. 

Irrespective of the exact ecological and vegetational significance of the B 
pollen zone, the fact remains that the climate became too warm for spruce, and 
as the climate continued to warm the pine period was eclipsed by the rise in 
the pollen contribution of oak that characterizes the C pollen periods of New 
England. 

A point of considerable phytogeographic interest is apparent from pine 
pollen size-frequency studies. Davis (1958) was able to subdivide the B or 
Pine zone into Bl and B2 on the basis of a change in size-frequency distribu- 
tion from small grains (less than 454), which are characteristic of the jack 
pine (Pinus Banksiana) to grains larger than 45, which are characteristic of 
red and white pine (Pinus resinosa and ‘P, strobus). This same shift in the size- 


a 
4, 


Sequence from Martha’s Vineyard, Massachusetts 379 


frequency distribution of small and large grains can be observed in the A4 
pollen zone of Martha’s Vineyard, approximately 1000 years earlier than ob- 
served in Athol, Massachusetts. Equally remarkable is the fact that the integrity 
of the B zone above the shift is preserved in both cases. 

In addition to contributing to the regional pollen chronology and phyto- 
geography of New England, the pollen data from Martha’s Vineyard offer 
some interesting evidence with respect to periglacial environments. 

The Tundra problem.—The existence of a forestless belt in front of the 
glaciers covering North America has been debated for many years (for reviews 
see: Deevey, 1949, 1951; Raup, 1941; Sears, 1948; Burns, 1958), Although 
tundra conditions have been inferred from late-glacial pollen profiles in both 
Europe and North America, it is unfortunately true than no valid typological 
criteria for distinguishing tundra from spruce park vegetation in pollen dia- 
grams have ever been described. 

The identification of arctic plant species in late-glacial deposits is a neces- 
sary, but not sufficient criterion. A major difficulty is that many of the species 
are indistinguishable from boreal forest plants, or are found in the boreal forest 
as well as in arctic tundra. Many species are found in low latitudes at high al- 
titudes as well. It is unfortunate that none of the mosses or lichens which are so 
characteristic of tundra vegetation provide recognizable fossil remains, 

Of the nonarboreal pollen thus far identified in pollen diagrams, the most 
promising as an indicator of true tundra is Armeria sibirica Turez. (nomen- 
clature after Baker. personal communication). This plant species is identifiable 
from its pollen alone. The distribution of A. sibirica is shown in figure 3, The 
genus Armeria has been studied extensively by Iversen (1940), Lawrence 
(1947), and Baker. Of the ecology of Armeria sibirica, Baker notes that it is 
an obligate heliophyte, and will not withstand the imposition of even light 
shade. It is found “in true arctic tundra, in stony or gravelly places in other- 
wise grassy situations.” (Baker, personal communication). All of the stations 
from which Armeria sibirica has been collected lie north of the tundra-boreal 
forest ecotone drawn by Transeau (1948). A single station is reported above 
the timberline at 4000m in the Shickshock Mountains on the northwest coast of 
the Gaspé peninsula. One anomalous occurrence is the presence of a morpho- 
logically similar Armeria from the alpine tundra of Hoosier Pass (elev. 9500 
feet) in Colorado. 

It would be presumptuous at this early stage in the description of the 
late-glacial environments in eastern North America to attempt the sort of refined 
analysis that Iverson (1954) was able to do in Denmark. In general, it can be 
said that all herbaceous plants identified in pollen zone V4 from Martha’s 
Vineyard have high light requirements. Although little can be said about ex- 
treme or mean temperatures from the evidence at present, all stations from 
which Armeria sibirica have been collected lie north of the —10°C January 
isotherm and the +15°C July isotherm. It would be decidedly premature to 
infer winter and summer temperatures during V3 and V4 time on the basis of 
this single instance. This evidence, however, marks a first step in the recon- 


struction of periglacial climates and environment in southern New England 
during the glaciations. 
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Fig. 3. Distribution of Armeria sibirica (Turez.). Data from Baker, 1958; Lawrence, 
1947; Iversen, 1940; Transeau, 1948. Base map used by permission of McKinley Publ. Co. 
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The Earth and its Gravity Field; by W. A. Heiskanen and F, A. Vening 
Meinesz. P. x, 470; 119 figs. New York, 1958 (McGraw-Hill Book Co., Inc., 
$12.50).—This book carries a favorable recommendation in the names of its 
authors, both of whom are widely known through their important contribu- 
tions in studies that involve the gravity field of the Earth. Much of the subject 
matter calls for rigorous treatment, and every chapter has pages filled wholly 
or in part with mathematical symbols and equations. Some important con- 
cepts and principles are defined in mathematical terms only, not in English; 
an example is Stokes’ theorem, which is an essential tool for computing grav- 
imetric warping effects. Thus the book is in no sense a simplified exposition 
designed for lay readers, though it will be welcomed by many serious students 
whose interests extend beyond the direct study of gravity. 

The treatise starts with a useful summary of views on the internal con- 
stitution of the Earth, based on growing geophysical evidence. Distinction is 
drawn between the rigid crust with essentially uniform thickness 30 to 40 
km. and the W crust which has varied chemical composition and is much thin- 
ner under oceans than under continental areas, The mantle, extending from 
the W discontinuity to depth about 2900 km, probably has nearly uniform 
composition approaching that of olivine. The dense core, fluid through much 
of its radius, houses rapid convection currents which give rise to geomagnetic 
effects. Following chapters treat in detail the methods used in widespread 
studies of gravity, and the significant results. The ideal reference spheroid 
and the more complex geoid are clearly defined, and principles and tech- 
niques used in gravity measurements are explained at length. Gravity anom- 
alies and their probable significance are discussed, the several methods of 
reduction are explained and compared, and studies of several regional anom- 
aly groups are summarized, 

Two important chapters explain the building up and use of geodetic 
systems. Several national systems are based primarily on geometrical geodesy, 
which uses triangulation with astronomical observations, Such a system is 
limited to continental areas, as development of triangulation nets on oceans 
is not practicable. Establishment of a world geodetic system requires the use 
of physical geodesy, the gravimetric method. A national system that incor- 
porates this method, such as the system developed in Germany or in the 
United States, can be expanded into a world system. 

Considerations involving broad theory are properly reserved for the final 
chapters, Existing gravity anomalies in conspicuous groups, and evidence of 
adjustments now in progress, lead to thoughts on mechanisms and causes of 
crustal deformation, Vening Meinesz restates and elaborates his concept of 
convection currents as the basic and continuing cause, He refers to Prey’s 
analysis (1922) of all topographic features on the Earth through a develop- 
ment in spherical harmonies up to the 16th-order. Vening Meinesz, accepting 
this analysis as strongly favorable to a history of convection, postulates an 
early first-order current in a fluid Earth which swept together sialic froth to 
form an “ur continent” and concentrated heavy materials into the central 
core, Later currents of 2nd and higher orders disrupted the original continent, 


and have caused crustal deformation throughout geologic history, He suggests 
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that the mantle has uniform chemical composition, with a distinct phase in 
the outer 200 km, a phase with higher density below 900 km, and a blending 
of the two phases in the intermediate zone. Thus, he reasons, some convection 
cells may operate below 900 km, others in the zone above 200 km, and ex- 
ceptional currents transgressing the intermediate zone may cause major 
crustal deformation. He gives serious consideration also to turning of the en- 
tire outer shell through the polar axis as a logical explanation of paleomag- 
netic anomalies and of major fracture patterns. There will of course be varied 
reactions to these speculative concepts. 

Readers may be critical toward some of the terminology and a few of 
the diagrams. Throughout the book the expression “tilted fault plane” des- 
ignates a fault surface or zone with inclined attitude. The adjective tilted 
carries a suggestion of forcible change from some earlier attitude. “Shear- 
faulting” is an unhappy term for a special kind of fracturing, as all faulting 
involves shearing stress. Figure 10A-11, representing a “down-buckling of 
oceanic crust’, shows the exact divisions and dimensions suggested on page 7 
for the continental crust. Some diagrams, such as figure 11-6, would be more 
useful to the reader if they carried indications of approximate dimensions 
and clear indentification of essential features. But these are minor defects in 
a work of large merit which will be useful equipment in all major branches 
of Earth Science. 

CHESTER R, LONGWELL 


Cavitation in Hydrodynamics, National Physical Laboratory. P. xxvi, 
451; 273 figs. New York, 1957 (Philosophical Library, $15.00).—The first 
international Symposium on Cavitation in Hydrodynamics was held at the 
National Physical Laboratory (Teddington, England) in September 1955. 
This volume of the proceedings of the symposium is divided into six sections: 
Introduction; Factors Governing Cavitation Inception; Experimental Tech- 
niques; Scale Effect Factors; Effects on Hydrodynamic Performance; and 
Cavitation Damage. Summaries of the discussions which followed the papers, 
and an appendix containing an informal discussion of ultrasonic cavitation, 
are also included. The papers were contributed from the U.S. (9 papers), the 
U.K. (8 papers), and one each from Austria, Denmark, Japan, Switzerland, 
and the U.S.S.R. 

The introductory paper summarizes the recent research efforts being 
made on the basic problems in cavitation: the dependence of its inception on 
the undissolved gas content; boundary layer cavitation; the growth and 
collapse of bubbles; the transient behavior of attached cavities; and the 
various theories of cavitation damage. The 50 references at the end of this 
paper, mostly dating from 1950, give some idea of the magnitude of the re- 
search effort in this field. 

The second group of papers, on Cavitation Inception, points up many 
of the difficulties in the determination of the onset, and the cessation, of cav- 
itation. The visible appearance of bubbles and the acoustic noise generated 
in cavitation are both used as a criterion for determining the onset of cavita- 
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tion; the two methods give different results, and in each case the scatter of 
points can be considerable. The papers of this section discuss the onset of 
cavitation as it is affected by air content, velocity of flow, and dissolved im- 
purities. The investigation of bubbles in a turbulant boundary layer shows 
that they occur mainly in the central portion of the layer and that no bubbles 
seem to grow very close to the walls. The use of ultrasonic absorption tech- 
niques to measure undissolved air content and bubble size, as well as cavita- 
tion inception pressure, is also described. 

The development of small probes for measurements of fluid velocity and 
pressure, as well as a discussion of two water tunnels and their instrumenta- 
tion, make up most of the third section. A report by A. T. Ellis, of C.1.T., dis- 
cussing a high speed photographic technique, is one of the most interesting 
of the group; a Kerr cell is used to shutter a light source, and a rotating 
mirror throws the image on a stationary film. Sequences of 700 pictures taken 
at a rate of one million per second have been obtained. 

Under “Scale Effects,” the difficulties of extrapolating the results of 
model tests to full scale experiments are discussed. The following section is 
concerned with the effects of cavities on the performance of foils and struts 
moving in a fluid, 

The last group of papers considers the mechanism by which cavitation 
causes damage to moving bodies: corrosion damage and mechanical erosion 
both have their advocates; undoubtedly both are of importance. It is shown 
that the introduction of small air bubbles around the object can almost stop 
the damage; the technological implications of this are of considerable 
importance. 


In all, this volume contains a comprehensive summary of what are prob- 


ably the most important research efforts being made in the various fields 
which contribute to the subject of cavitation. 


DAVID MINTZER 


Cloud Study, a pictorial guide; by F. H. LuptaM and R. S. Scorer. P. 
80; 7 figs., 73 photographs (74 counting fronticepiece; some in color). New 
York, 1958 (MacMillan Co., $2.95).—-This new systematic collection of cloud 
pictures contains many excellent photographs, some previously unpublished, It 
surpasses previous volumes of its kind in the ample captions describing each 
picture which emphasize the processes of cloud development involved, A brief, 
readable introduction outlines the basic physics of cloud formation, modifica- 
tion, and dissipation. Both authors are active students of nephology. 

JOSEPH T. GREGORY 
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